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Abstract In this thesis we present experimental studies of inelastic scattering of the astro-physically important molecule deuterated ammonia, ND3 with Ar, He and H2 and resonance enhanced multiphoton ionization (REMPI) of NHD2 and NH2D, using crossed molecular beam and velocity map imaging techniques (VMI). NH3 is abun-dant in the interstellar space, possibly second only to carbon monoxide (CO) in importance. NHD2 and NH2D are also important isotopologues in that they are often easier to observe by telescope. A very pure initial state is one of the most important criteria for state-to-state inelastic scattering measurement. In our ex-periments, the 11- rotational state of the ND3 molecule has been prepared using a hexapole state selector by taking advantage of its large dipole moment. Our main goal is to measure the state-to-state inelastic differential cross sections (DCSs) of ND3 molecules when colliding with Ar/He/H2 in a crossed molecular beam exper-iment, using the velocity map imaging technique. Our measurements provide a good test of the intermolecular potentials for these astrophysically important colli-sion systems. Furthermore, ultraviolet (UV) (2+1) resonance enhanced multi-photon ionization (REMPI) spectroscopy of NHD2 and NH2D have been investigat-ed and fitting of these spectra are done using PGOPHER spectral simulation pro-gram. Vacuum ultraviolet (VUV) (1+1′) REMPI spectroscopy of NHD2 and NH2D also been investigated. Preliminary data for detection of scattering of these mole-cules using the new REMPI methods is presented in the appendix.   
Ashim Kumar Saha   
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1.1 Introduction Excitation of atoms or molecules in the interstellar medium can be attributed to radiative and collisional pumping. An accurate potential energy surface (PES) is the foundation for the theoretical study of such collision dynamics. Astrophysical models of these environments heavily rely on theoretical calculations of collision cross sections that depend on the accuracy of the PES. Experimental measurement of differential cross sections (DCSs) has been proven to be a powerful tool to verify the accuracy of interaction potential between atoms or molecules. Since the posi-tion and shape of scattering features is a distinctive fingerprint of the PES, agree-ment with experiment suggests that rate coefficient and other kinetic quantities can be estimated accurately using the PES. Until now, there have been numerous quantum scattering calculations of state-to-state integral and differential cross sections, and also rate constants, based on high-quality ab initio potential energy surfaces (PES).1-6 Advancement in experimental techniques made measurements of state-to-state integral and differential cross sections possible, and also rate con-stants, for collisions of atoms or molecules with a variety of collision partners.1, 3-5, 7-12 State-to-state differential cross sections yield important information about thedependence of the collision dynamics on the impact parameter (the perpendiculardistance between the path of the scattering atom and the center of a potential fieldcreated by the molecule that the atom is approaching). Hence, state specific DCSsprovide deep insights into the momentum and energy transfer during elastic, ine-lastic and reactive scattering processes.In both elastic and inelastic scattering molecules can influence each other over a large range of intermolecular distances. The differences are that in elastic scat-tering the total kinetic energy of the colliding particles is conserved, whereas in an inelastic scattering a transfer between kinetic and internal energy takes place be-tween the colliding particles. Interaction at large impact parameters generally results in elastic scattering. Conversely, in case of inelastic scattering interaction takes place at lower impact parameter. In inelastic scattering processes, a part of the collision energy of two colliding particles goes to excitation of rotation or vi-bration energy in the scattered product, while their chemical identities remain same. Finally, during reactive scattering processes the interchange of atoms within the interacting species results in both structural and chemical (atomic bonding) changes. When compared to inelastic scattering, the reactive scattering usually takes place at much smaller impact parameters, since it requires the colliding mol-ecules to come much closer for breaking and making of new bonds. In a collision 
Thesis Ashim Saha tabs Vx.indd   15 24-5-2018   10:59:25
Chapter 1 
4 
process between atoms and molecules many initial parameters (like collision en-ergy, the impact parameter, the internal energy and the relative orientation of the approaching molecules) determine the pathway to the final state and its proper-ties. The probability of collisions reduces significantly when a system undergoes from elastic to inelastic and then to reactive scattering. Such probabilities are often described in terms of collision cross-sections. For example, rotational energy transfer, one of the simplest inelastic scattering processes in collision dynamics, is represented by   A + BCD(Ji) → A + BCD(Jf) + ∆E (1.1) where A is an atom, BCD is polyatomic molecule, J is the rotational quantum num-ber of the molecule, i and f represents to the initial and final states respectively, and ∆E is the change in relative translational energy. The advancement in laser spectroscopy and molecular beams has allowed us to learn more rotational energy transfer dynamics. We have carried out detailed work to understand rotational energy transfer of ND3 during collisions with Ar, He and H2, presented in this the-sis. 
1.2 Importance of Ammonia and its Deuterated species in 
Interstellar space and in Earth’s atmosphere  Applications involving ammonia are very diverse, with both positive to negative impact in our life. In the atmosphere, presence of gaseous ammonia (NH3) is most abundant among all alkaline-type of gases. Furthermore, it is one of the major components of total reactive nitrogen. Ammonia concentrations vary widely in the atmosphere as it is readily absorbed by surfaces; it has a rather short atmospheric lifetime, on the order of a few hours. In 1909, Fritz Haber and Carl Bosch discov-ered a process to produce ammonia on the industrial scale. Using the Haber-Bosch process, the required nitrogen is collected from the air, instead of from natural deposits. In 1918, Fritz Haber received the Nobel Prize in chemistry for his work on ammonia, for the production of fertilizers that could help in solving the growing world’s food problem. Ammonia, either directly or indirectly, plays a very significant role in the syn-thesis of many pharmaceuticals. Apart from its wide constructive use, ammonia is both caustic and hazardous. An increase in NH3 emissions is a big global concern because NH3 plays a significant role in the formation of atmospheric particulate matter, visibility degradation and atmospheric deposition of nitrogen to sensitive 
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ecosystems, causing negative impact on environmental and public health as well as climate change. Ammonia emitted from agricultural processes also adds to the current environmental deterioration. Due to the growing demands for food and fuel, the environmental and health hazards increase day by day. The most signifi-cant sources of ammonia are fertilizers, animal waste, soil, vehicular emissions, and industrial emissions. NH3 was the first polyatomic molecule detected in interstellar space, further-more it was the first molecule to be observed with microwave spectroscopy13, and also for the first time MASER action was demonstrated for this molecule14, 15. NH3 is abundant in both earth’s atmosphere16 as well as in extrasolar planets17, and hence it becomes a valuable spectroscopic tool in the study of astrochemistry. NH3 was first discovered in the interstellar medium by Cheung et al.18 in 1968, when emissions were observed at a frequency corresponding to the inversion transitions of the rotational levels JK = 11 and JK = 22 in the vibrational ground state of NH3. There are very large number of transition lines available that cover a wide range of excitation conditions, and also it is detected in various regions in space, makes it interesting for further scientific study. Ammonia is a classic example of a symmetric top with inversion, and is there-fore, well studied in laboratory microwave spectroscopy.19, 20 Several important properties such as the existence of metastable and non-metastable states, ortho- and para- species, inversion motion of the molecule, and hyperfine structure, make ammonia a very interesting probe of astrophysical conditions. Studies conducted by Lis, Roueff, Shah and Van der Tak et al.21-25 demonstrated that the deuterated ammonia, ND3, exists in prestellar cores.22 Ammonia has proven to be invaluable for the study of many objects in space ever since, such as comets26, the T dwarf class of brown dwarf stars27, and in diffuse and translucent molecular clouds.28 Molecular transitions occur mostly due to the collisions with molecular hydrogen (H2) at the temperature range of 10-102 K. Moreover, detection of NH3 inversion emission in interstellar clouds provided the first clear evidence that H2 densities in most of these clouds are very high, in the range of 103 cm-3.18 There is already a large volume of literature available for the study of inelastic collisions of NH3 with He, with an emphasis on determination of integral cross sections (ICSs) and colli-sion rates29-31. DCSs are also reported for this system using both experimental and theoretical methods.32, 33 However, it is interesting to note that except for the re-ported calculations by Snaden et al.31 most of these studies are done without tak-ing the inversion symmetry of the initial state in the umbrella vibrational mode into account. Both the coupled state approximation34 and quantum mechanical 
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close-coupling approximation35, 36 have been used to study the rotational energy transfer in collisions of NH3 with H2. In the work of Ebel et al.37, DCSs for the sys-tem of NH3 and H2 were calculated in the quantum mechanical centrifugal sudden approximation using three PESs for this system.38-40 Moreover, the ICSs for inelas-tic scattering of NH3 with three different states of H2, namely normal-H2, para-H2 and ortho-H2 were reported by Schleipen et al.30, 34 It is also worth noting here that due to the absence of a dipole-quadruple interaction, it has long been considered that the para-H2 in the rotational ground state with N = 0 is equivalent to a He atom in its interaction with the NH3. However, very recently Schleipen et al.34 have argued that for given rotational levels the scattering of para-H2 (N = 0) are differ-ent than that for He. Meyer et al.41 further measured the DCSs for similar transi-tions but for a higher collision energy using counter propagating molecular beams. In the following chapters of this thesis, the above investigations are complemented by detailed studies of the scattering of state-selected ND3 molecules in collisions with Ar, He and H2. These results are used to bring further insight into the inter-molecular interactions that are present between these species. In addition to the historical and physical interest of ammonia already discussed, deuterated ammonia in particular has several properties that make it a prime test molecule for all the experiments performed in this thesis work. Due to its high di-pole moment-to-mass ratio, ammonia can be easily manipulated using electric fields. The study of ammonia collisions has become a hot research topic in the cold molecule field. Theoretical study by Gubbels et al.42, revealed that the slow colli-sions of NH3 molecules with He atoms strongly influence the scattering resonances on state-to-state ICSs as well as DCSs for collision energies in the range of 10-4 cm-1 to 130 cm-1. In this thesis, collisions of ND3 with Ar/He/H2 have been measured for higher collision energy where smooth trends in the DCSs and ICSs are expected. 
1.3 Searching for suitable NHD2 and NH2D REMPI lines Our primary aim is to study state-to-state differential cross sections, hence reso-nance enhanced multiphoton ionization (REMPI) detection serves as a more con-venient alternative to Laser Induced Fluorescence (LIF) detection in this circum-stance. REMPI is a sophisticated photoionization technique applied to the spec-troscopy of atoms and small molecules in which a tunable laser can be used for accessing state-specific excited intermediate state. Due to its higher collection efficiency, REMPI usually provides a higher sensitivity than LIF, detecting single ions free from interference from scattered laser light at very low number density. 
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Furthermore, REMPI measures both the wavelength signature and the charge-to-mass ratio of the molecule, providing a more secure identification. More detailed information about REMPI of ammonia is discussed in section 2.1.1 of this thesis. To study both differential and integral cross sections of any particle with differ-ent collision partners by using velocity map imaging (VMI) detection, suitable (in-tense, narrow-bandwidth, and isolated) resonance enhanced multiphoton ionization (REMPI) schemes for that particle are necessary. These schemes are affected by in-teractions of the resonant state with neighbouring electronic states; these determine the pre-dissociation rates as well as lifetime of the resonant state and are linked to the corresponding spectral line widths and their line strengths. We will discuss in detail (2+1) REMPI spectroscopy of NHD2 and NH2D in Chapter 6 and Chapter 7 re-spectively. 
1.4 Motivation Rotational energy transfer cannot take place for a spherical target molecule; ani-sotropy in various dimensions of the potential energy surface (PES) is needed for rotational (de)excitation in the scattering process. The PES of a scattering event determines the potential energy (PE) of a system and it can be reconstructed via quantum mechanical (QM) calculation approaches. In this method the energy of a scattering system is calculated considering the relative positions of all atoms over large distances for all possible structural arrangements as well as the electron correlations. Often, several bond lengths in a multi-atomic system are frozen, thus they are assumed to be unimportant in scattering events and are ignored to avoid longer simulation times. However, for the case of NH3, recent studies showed that it is crucial to take N-H distances into account. Furthermore, to use a calculated PES, it is necessary to construct a smooth ‘skin’ that accurately accounts for each of the large number of calculated discrete points in the multiple dimensions that are used in simulation. Recent advancements in simulation make this ‘skin’ fitting quite reliable. Scattering on the PES involves calculating the probability for each outcome of a large number of trajectories interacting via the PES, covering all pos-sible initial conditions including the relative collision geometry and impact param-eter, for a given relative velocity or collision energy. In order to obtain a reliable result, it is important to use a suitably small step size in all considered geometries and impact parameter for calculations. The range of final 𝐽𝐽𝐽𝐽 states must also be large enough to ensure that the calculation converges to a reliable estimate. 
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On the experimental side there are a large number of compromises and possible pitfalls. First of all, the experimental DCSs reported here are relative – the corre-sponding integral cross sections (ICS) obtained from each DCS need to first be weighted by the detection sensitivity, which is 𝐽𝐽𝐽𝐽′ state dependent and often uncer-tain due to the post-resonance ionization steps. The obtained ICSs are also relative instead of absolute, because an accurate measurement of the flux of the two beams is not possible, and the conversion from measured ion counts to final 𝐽𝐽𝐽𝐽′ state flux is also highly inaccurate. Since the DCS signal strength is relative, it is very important that some structure in the DCS is evident in order to judge the quality of fit by theo-ry, and of course the structure should vary over the range of final 𝐽𝐽𝐽𝐽′ states. This all assumes that the experimental collision energy is known; however, it also our expe-rience that this parameter is difficult to determine accurately. As a compromise, the estimated experimental collision energy is adjusted to get the experiment to match the theory DCSs for a range of 𝐽𝐽𝐽𝐽′ states, this determines the ‘best’ collision energy. In this case it is necessary to perform experiments over a range of collision energies to verify the consistency of this approach. Our variable molecular beam crossing angle apparatus allows us to vary the collision energy precisely without changing other experimental parameters. Finally, with typical conditions there is always a few or larger percentage, of higher initial 𝐽𝐽𝐽𝐽 states in the parent molecule beam. While the percentage can be varied slightly by changing the supersonic expansion conditions, we usually rely on theory to take this into account. In the case of scattering involved with H2 atoms, for example, the preparation of initial state mixture plays an im-portant role in determining the final result. In this case, more detailed attention needs to be paid for the preparation of the parent molecule beam.  We have now pointed out that in order to model astrophysical data, astrophysi-cists need accurate rate constants, which are derived from potential energy surface (PES). Increasingly reliable quantum methods are used for calculation of PESs, which can be used to predict quantities such as DCSs for comparison with experi-mental data. On the experimental side, the development of VMI has allowed a sig-nificant improvement in our understanding of all aspects of molecular dynamics.43 VMI provides state-selected product speed and angular distributions simultane-ously. Using VMI, we determine the angular distribution of the scattered particle due to collision, i.e., the differential cross section. More specifically, the DCS pre-dicts the flux of scattered state specific final product state at any scattering angle (θ and φ) at a given energy E, for a given initial state, and initial reactant fluxes, shown schematically in Figure 1.4.1.  
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Figure 1.4.1 Schematic representation of differential cross section  The extracted DCS from our experimental measurement using VMI provides as useful method to check the accuracy of the theoretically calculated PES. An over-view of motivation for this work is shown schematically in Figure 1.4.2. 
 
Figure 1.4.2 Schematic representation of our motivation 
1.5 Outline of this thesis In this thesis, we present the rotationally resolved state-to-state differential cross sections for inelastic scattering of ND3 with Ar/He/H2, and a side-by-side compari-son with full quantum close coupling calculations based on ab initio potential ener-gy surfaces. Furthermore, in preparation for future scattering studies, UV (2+1) and VUV (1+1′) resonance enhanced multi-photon ionization (REMPI) spectrosco-py of NHD2 and NH2D have been investigated and fitting of these spectra are done using PGOPHER spectral simulation program. We present a general experimental 
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overview in Chapter 2 of crossed beam scattering to prepare for the discussions reported in the following chapters. We also discuss experimentally observed spec-troscopic results of ND3 in light of a theoretical framework along with a detailed data analysis method. Chapter 3 describes the inelastic collision experiment dealing with rotational excitation of para-ND3 with He. For this scattering system, the product angular distribution of scattered ND3 for various final rotational states is presented and compared with the quantum scattering calculations.  In chapters 4 and 5 the inelastic scattering of para-ND3 with Ar and H2 present-ed respectively.  Chapter 6 describes (2+1) REMPI spectroscopy of NHD2 via the B-state. The spectra obtained for NHD2 have been fitted using PGOPHER spectral simulation program. In Chapter 7, (2+1) REMPI spectroscopy of NH2D via the B-state has been described. A different REMPI approach, (VUV) (1+1′) resonance enhanced multi-photon ionization (REMPI) spectroscopy of NHD2 and NH2D via the B-state, is de-scribed in Chapter 8.   
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Chapter 2 Experiment and analysis 
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Abstract This chapter presents a detailed overview of the crossed-beam inelastic scattering experiments, and the method used for fitting (2+1) Resonance Enhanced Multi-Photon Ionization (REMPI) spectra of ammonia using the PGOPHER spectral simu-lation program.44 A brief theoretical background of the topic is also presented. Furthermore, a detailed description of the technique for the production of a cold molecular beam and rotational state selection of ND3 is explained. Subsequently, an overview of image analysis and density-to-flux correction technique is also dis-cussed. 
Ashim Kumar Saha 
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2.1 Introduction 
2.1.1  Resonance enhanced multiphoton ionization (REMPI) of ND3 Photoionization is the physical process where an ion is formed from the interac-tion of a photon with a charge-neutral (atom or) molecule. Several photons may actually combine their energies to cause multi-photon ionization. Resonance en-hanced multiphoton ionization (REMPI) is a sophisticated photoionization tech-nique applied to the spectroscopy of small molecules in which a tunable laser can be used for accessing a state-specific excited intermediate state and drive ioniza-tion. For a typical molecular ionization potential (IP) of 10eV, at least two UV laser photons have to be absorbed to cause ionization using this technique: one or more photons is used to resonantly excite the molecule to an intermediate state and as long as the lifetime of the intermediate state is sufficiently long, one more photon ionizes it. One needs to use a high photon density to increase the probability of absorbing one more photon during the lifespan of that specific intermediate state. Using a laser beam as the source fulfills the second prerequisite. The first step of this scheme is of utmost importance, it provides the selectivity of the REMPI pro-cess by ionizing those specific molecules through suitable intermediate states at a given wavelength. Generally, the probability of such a process decreases rapidly with the number of photons required to overcome the ionization threshold, but the development of very intense, pulsed lasers makes it possible even when using infrared photons, for example, from an intense free electron laser such as FELIX in Nijmegen.  
 
Figure 2.1.1 Schemes for ionization REMPI processes. a) One-color, two-photon (1+1) REMPI scheme. b) One-color, three-photon (2+1) REMPI scheme. c) One-color, (1+1) REMPI scheme. d) Two-color, two-photon (1+1’) REMPI scheme.  
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A few very simple ionization schemes for REMPI are shown in Figure 2.1.1. Fig-ure 2.1.1a shows (1+1) REMPI, which is a very efficient ionization scheme. Howev-er, (1+1) REMPI is not always possible because the intermediate state is at an en-ergy so high energy that is unfavorable for the available laser wavelengths. Figure 2.1.1b shows (2+1) REMPI. This scheme requires a high photon density in order to drive excitation to the intermediate state by simultaneous two-photon absorption, and in general, increasingly higher energy intermediate states have increasingly shorter lifetimes. The resonant state can be reached only by simultaneously ab-sorbing two photons; subsequently, absorbing an additional photon must complete ionization. The intensity of multiphoton absorption is enhanced by several orders of magnitude over non-resonant ionization due to this resonance condition. Gener-ally, this increase in ionization efficiency provides high sensitivity. Figure 2.1.1c shows a failed REMPI process where even though an intermediate state can be reached, the total energy of two photons used in this process are not enough for ionization. Figure 2.1.1d shows a two-color, (1+1′) REMPI scheme. In this process, one photon excites the molecule to the intermediate state and a second laser hav-ing higher frequency is used for ionization.  The most important criterion for for ionization of a molecule is that the total absorbed photon energy must be above the ionization threshold of the molecule. As mentioned earlier, the lifetime of the intermediate state must be long enough so that another photon can be absorbed, and then there is a finite probability that the molecule can be ionized. Since each molecule has its own characteristic spectrum with unique resonance frequencies, selective ionization of a single molecule re-quires using a wavelength-tunable laser which is resonant with single or multiple photon absorption, elevating the molecule to an intermediate electronic state. Though REMPI is a powerful spectroscopic technique, the probability for multipho-ton excitation is usually lower than for a single photon excitation. The great ad-vantage is ionization, in that ions are much easier to manipulate and count than neutral species. Using the REMPI technique, mostly smaller molecules with ioniza-tion potentials in the range of 7 to 15 eV can be studied, which corresponds to absorption of 2-3 UV photons. Typically, around 0.5 to 8 mJ of focused UV laser beam from a YAG-pumped dye laser is sufficient to ionize most molecules. Howev-er resonance-enhancement is again only possible if the lifetime of the intermediate state is relatively long, in the ps or longer timescale. Not all molecules have inter-mediate states that satisfy these conditions, especially when rotational resolution is demanded, as in the studies in this thesis. Often, the lifetime of the intermediate state is too short due to fast non-radiative processes from the excited molecular 
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state. A previous successful study of suitable REMPI schemes for ND3 made the present scattering study of ND3 possible.45-47 (2+1) REMPI of ND3 via 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸" state has been studied extensively by many workers, a recent example is by Bentley.47  
 
Figure 2.1.2 Potential energy diagram for the electronic ground state of ammonia molecule as a func-tion of the umbrella angle. 
2.1.2 Rotational energy levels of ND3 Ammonia is a symmetric top molecule possessing a permanent dipole moment. In the electronic ground state of ND3, the electrons are distributed among their mo-lecular orbitals in such a way that it has a pyramidal structure with C3v symmetry (Figure 2.1.2b). It can exist in geometry with the N-atom on either side of the D atom (xy-) plane. The angle between the vertical axis passing through the nitrogen atom and one of the lines joining N and –D atoms is called the umbrella angle, ρ. Figure 2.1.2a) represents the potential energy diagram for the electronic ground state of ND3 as a function of ρ. The potential energy of ammonia is lowest when ρ is around 680, or 1120. These two values correspond to two equivalent positions of the N atom, on either side of the deuterium plane. The potential barrier between these two positions is ∼ 2023 cm-1. An ammonia molecule without having sufficient energy to pass over the top can sometimes tunnel through the potential barrier. Because of this inversion tunneling, a complete description of symmetry classifica-
Thesis Ashim Saha tabs Vx.indd   27 24-5-2018   10:59:29
Chapter 2 
16 
tion of the molecular rovibronic wavefunction of ND3 requires D3h symmetry group and all rovibrational levels that are lower in energy than the potential barrier are split into two. The two levels have opposite parity (symmetric and anti-symmetric), and are found to repel each other under the influence of an external electric field. This shift due to the influence of an external electric field is called the Stark effect. For the detection of the rotational states of ND3, we employed a (2+1) REMPI scheme via the B� ← X�  electronic transition. The rotational states of ND3 in the ground vibronic state (X�, ν2=0) are labelled by jk, where j is the total angular mo-mentum and k is the projection of the angular momentum along the molecular symmetry axis. The projection quantum number k can have all 2n + 1 integer val-ues for –n ≤ k ≤ n. Two distinct species of ND3 can exist based on the orientation of the deuterium spins. These are ortho-ND3 (k = 3n, all D spins parallel) and para-ND3 (k ≠ 3n, all D spins not parallel). These spin modifications are then associated with the symmetry of different rotational levels in the molecule. Transitions be-tween ortho- and para-ND3 are forbidden, as the spin orientations remain un-changed in normal radiative transitions.   
 
Figure 2.1.3 Rotational energy levels and their symmetry for the electronic and vibrational ground state of ND3, with levels labeled by quantum number jk.  The rotational energy levels of the ground vibrational level of the X� electronic state of ND3 are shown in Figure 2.1.3. The energy levels of ND3 are labelled by 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘, the lower level in each doublet corresponds to the symmetric (+), whereas the upper level corresponds to the antisymmetric (–) wavefunction with respect to reflection at the centre of symmetry of the system. The molecule can, in principle, convert 
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from ortho to para or vice versa. However, interconversion between different spin states are found to be too slow to be considered for inelastic collision processes, i.e., the nuclear spin of the ND3 molecules does not change during interaction with collision partners. Therefore transitions due to inelastic scattering from jk = 11 to jk = 20 or 33 do not occur. The inversion splitting of the rotational levels depends on the barrier height, tending to zero for an infinite barrier. Depending on the rota-tional state of a molecule, the magnitude of the splitting varies. The distance be-tween the nitrogen and deuterium atoms determines the shape of the potential barrier and the height of the barrier to inversion. Rotational states of a molecule possess slightly different inversion energy depending on this distance. For ND3, the ground state inversion tunneling splitting is 0.0530 cm-1 for jk = 00, which is 15 times smaller compare to the splitting in NH3, which is 0.7934 cm-1. The lower level in each doublet of the rotational energy levels jk of ND3 correspond to the symmet-ric (+), and the upper levels correspond to the antisymmetric (–) wavefunction with respect to reflection at the center of symmetry of the system. 
2.1.3 Fitting and simulation of NHD2 and NH2D spectra using PGOPHER To explore rotational energy transfer in a scattering process, we must know the wavelength and assignment of the REMPI transition very reliably. The acquired (2+1) REMPI spectra of NHD2 and NH2D, were analyzed using the PGOPHER spec-tral simulation program44 which helps simulate the rotational structure of rovi-bronic transitions of linear molecules and symmetric and asymmetric tops. Here, we briefly explain the main steps of simulation procedure for (2+1) REMPI spectra of NHD2 and NH2D. One can find all the details about the fitting procedure at the PGOPHER website, in the help files of the program. As an example, the PGOPHER simulation of the NHD2 REMPI spectrum with spectroscopic constants from the literature48 is shown in Figure 2.1.4. The rotational temperature of the molecular beam can be calculated by comparing the simulated spectrum with the experi-mental spectrum. Also, from PGOPHER simulation we can know about REMPI line positions for higher rotational states. We must have this unique information to perform any state-to-state inelastic scattering experiment. The rotational energy Erot, of symmetric top molecules is described by rotation-al term values49,  𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/ℎ𝑐𝑐𝑐𝑐 ∶ (2.1)  𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗(𝑗𝑗𝑗𝑗 + 1) + (𝐶𝐶𝐶𝐶 − 𝐵𝐵𝐵𝐵)𝑘𝑘𝑘𝑘2 − 𝐷𝐷𝐷𝐷𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗2(𝑗𝑗𝑗𝑗 + 1)2 − 𝐷𝐷𝐷𝐷𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘𝑗𝑗𝑗𝑗(𝑗𝑗𝑗𝑗 + 1)𝑘𝑘𝑘𝑘2 − 𝐷𝐷𝐷𝐷𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘4 (2.2) 
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Where B and C are the rotational constants and paramaters Dj, Djk, and Dk repre-sents the centrifugal distortion. The main molecular parameters for NHD2 and NH2D used for the PGOPHER simulation of the REMPI spectra are discussed exten-sively in chapter 6 and 7.  
 
Figure 2.1.4 (2+1) REMPI spectrum of NHD2 (seeded in Ar) B�(𝜈𝜈𝜈𝜈2 = 4) ← X�(𝜈𝜈𝜈𝜈2 = 0) transition. The upper panel shows the experimental spectra and the lower panel shows the simulation spectra at rota-tional temperature (TR) 16K. 
2.2 Experimental setup 
2.2.1 Crossed beam machine A schematic diagram of the experimental setup is presented in Figure 2.2.1. A typi-cal crossed molecular beam imaging setup consists of a vacuum chamber with two molecular beam sources and an imaging system, with lasers to probe the scattering products. The molecular beam carrying molecules to be detected as scattering products is called the primary beam and the other molecular beam that carries the colliding partners is referred to as the secondary beam. Our imaging apparatus is designed in such a way that these two molecular beams cross each other at 900 angle with counter propagating laser beams in the collision region of the collision chamber as shown in Figure 2.2.1.  
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Figure 2.2.1 Schematic diagram of the fixed-angle crossed beam setup for ND3 collision experiments.  The primary beam (ND3) is mounted along with a hexapole assembly in a different chamber which is connected to the collision chamber by large open flange. The ND3 beam (Primary beam) source chamber is pumped by a separate turbomolecular pump. These two chambers are pumped by two equal capacity turbomolecular pumps (Pfeiffer TMU 1601 P, pumping speed 1380 l/s) along with a common ba-cking pump (Oil free dry mechanical pump) for fore-vacuum generation. The se-condary beam (Ar, He, H2) is formed in a separate source chamber which is diffe-rentially pumped by a same capacity turbomolecular pump (Pfeiffer TMU 1601 P, pumping speed 1380 l/s) along with a membrane pump. Furthermore, a amall turbomolecular pump (VARIAN, 250 l/s) is connected to the membrane pump to generate fore-vacuum when H2 is used as a scattering partner in the secondary beam. This intermediate small turbomolecular pump helps the large tur-bomolecular pump to efficiently pump a lighter gas like H2, which is otherwise difficult to pump. Typical vacuum attained in the collision and source chamber are 1×10-7 mbar and 5×10-8 mbar when both molecular beams are closed. Pressure in the source chamber is kept below 1×10-5 mbar during experiments. Subsequently, during experiments when both molecular beams are on at a repetition frequency 10 Hz, then pressure reaches ~5-6×10-6 mbar in the collision chamber.   
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Cold molecular beams are formed with two different pulsed valves. For the primary molecular beam (ND3), a home-built Nijmegen pulsed valve50 is used, whereas for the secondary beam (Ar, He, H2) a Jordan pulsed valve is used. Nijme-gen pulsed valve is equipped with 0.5 mm diameter nozzle, whereas Jordan pulsed valve is equipped with 0.8 mm diameter nozzle. The expansions of molecular beams are collimated by skimmers of diameter 3 mm, placed 30 mm apart from the valve nozzle. 
2.2.2 Velocity map imaging 
 
Figure 2.2.2 A schematic diagram of the VMI detection consisting ion optics (Repeller, Extractor and Ground electrodes), TOF tube, Micro Channel plates (MCPs) + phosphor assembly, and camera.  A significant improvement in resolution to the ion imaging technique was achieved when velocity map imaging technique (VMI) was developed by Eppink and Parker43. The VMI technique provides direct access to product speed and angular distributions of the scattered particle due to collision, photodissociation or chemi-cal reaction. The special aspect of the VMI technique is based on the design of the electric field, used to accelerate the ions towards the detector. Ions produced by REMPI of neutral molecules are projected by the electrostatic lens to a two-dimensional position sensitive detector based on micro-channel plates. The beauty of the electrostatic lens is that for a given ratio of voltage in between these electro-static lenses, an electric field is generated in such a way that the ions having the same velocity in the plane of the detector are focused to the same point of the de-tector irrespective of their initial position of creation. This overcomes the blurring in an ion image caused by the finite overlap of the laser and molecular beams. An 
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important goal of scattering experiments is to determine the state-to-state DCS, dσ/dΩ(θ, E, i → f ), which captures the variation of the scattering cross section for changing the initial state i to the final state f as a function of the center-of-mass (CM) scattering angle θ for a specified collision energy E. The DCS is expressed visually in the form of the surface distribution of particles on an expanding velocity sphere, a so-called Newton sphere. In our experiment, due to collisions, rotational-ly excited molecules are ionized and subsequently the evolving 3-dimensional Newton spheres of these scattered ionic molecules are projected towards the posi-tion sensitive detector. Since the velocity of the scattered molecules in the plane of collision is mapped on to the detector, one can directly acquire the speed and an-gular distributions of the scattering process (or the differential cross section).  A schematic diagram of our VMI setup is shown in Figure 2.2.2. This setup con-tains ion optics, a grounded shielded time of flight (TOF) tube and a two-dimensional position sensitive charged particle detector that consists of Micro Channel plates (MCPs) and phosphor screen. The ion optics consists of Repeller, Extractor and Ground electrode plates. The ion optics and two-dimensional posi-tion sensitive detector lie parallel to the collision plane of our scattering experi-ment, whereas the TOF axis is perpendicular to the collision plane. The three elec-trode plates of the ion optics have 80 mm outer diameters and thickness of 1 mm. The open diameter of the repeller plate hole is 2 mm, whereas it is 20 mm for the extractor and ground plate. The hole in the repeller also helps us in aligning the laser and molecular beams, where we can place an alignment tool. The spacing between repeller-extractor and extractor-ground plates are 10 mm and 15 mm, respectively. Similarly, the spacing between the ground electrode and detector is 350 mm. The velocity mapping condition is attained at a specific repeller-extractor voltage ratio, which is 1000 V and 777 V on the repeller and extractor plates, re-spectively, in our experiment. The assembly of ions form a 3-dimensional Newton sphere of ND3, and after 350 mm free flight along TOF tube this is crushed on to the 2-D position sensitive detector. All ions with the same mass-to-charge ratio will hit the 2-D position sensitive detector at the same time. This position sensitive detec-tor converts each ion hit to a small light flash located at the corresponding spot on the phosphor screen. Using a charged coupled device (CCD) camera the lights emit-ted by the phosphor screen are recorded and thus we can record digitized image data in our computer for the corresponding experiment. A positive pulse voltage of 800 V is applied on the back plate of micro channel plate (MCP) for a duration of 
∼90 ns to capture ions with a specific mass-to-charge ratio. Furthermore, the front 
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plate of MCP and phosphor screen are supplied with continuous voltage of -800 V and +3000 V, respectively. 
2.2.3 Initial state selection of ND3 using hexapole focusing One of the most important criteria for a state-to-state selective collision experi-ment is to prepare a primary molecular beam in a pure initial rotational state. For state-to-state collisions of ND3, this can be achieved by rotational cooling during an adiabatic expansion, together with quantum state selection in a hexapole electro-static field. Comparison of an experimental REMPI spectrum of ND3 (seeded in Ar) with a simulated spectrum using PGOPHER for the B�(𝜈𝜈𝜈𝜈2 = 5) state measured with-out using the hexapole is presented in Figure 2.2.3.   
 
Figure 2.2.3 (2+1) REMPI spectrum of ND3(seeded in Ar) B�(𝜈𝜈𝜈𝜈2 = 5) ← X�(𝜈𝜈𝜈𝜈2 = 0) transition. The upper panel shows the experimental spectra and the lower panel shows the simulation spectra at rotational temperature (TR) 4K.  This fit corresponds to a rotational temperature of both ortho and para ND3 mole-cules of 4 K. The relative populations at this temperature are shown in Table 2.1. From Figure 2.2.3, we can see that a very cold molecular beam has been prepared, thus only the three lowest rotational energy levels jk = 00, 11 and 10 with both + and – inversion component are mainly populated, while the higher rotational levels are populated only by 0.7%. Since, the interconversion between ortho and para spin modification is very slow and can be neglected, this allows considering of different spin modifications as though they were different molecules and therefore both modifications could be cooled down independently to a different rotational tem-perature.  
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Table 2.1 Populations (given in percent of the total population) of the ND3 rotational levels in the incident molecular beam at a rotational temperature of 4 K. rotational level 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± ND3 00− 3.5 00+ 33.7 11− 33.5 11+ 25.1 10− 3.3 10+ 0.2  We obtained an optimum cooling when the composition of ND3 in Ar was set to 1% and a backing pressure of 2 bar in the Nijmegen pulsed valve. The molecular beam profile can be optimized by adjusting the opening time of the Nijmegen pulsed valve. The beam collimation was achieved using a skimmer (3 mm in diameter) fixed at nearly 30 mm away from the valve nozzle. This helped in avoiding any unwanted collisions of the molecules with the hexapole selector rod (see Fig. 2.2.4). A schematic diagram of the hexapole state selector assembly is shown in Figure 2.2.4.   
 
Figure 2.2.4 Hexapole state selector for ND3 molecule  Once ND3 molecules pass through the skimmer, they are further allowed to enter a double hexapole state selector (with 6 mm inner diameter) at an operated voltage up to 18.5 kV. Each hexapole state selector consists of 6 cylindrical rods of 120 mm length and 2.5 mm diameter. The molecules flying along the central axis are not affected by the electric field from the hexapole state selector. Any unwanted colli-sions of these molecules will lead to a contribution of noise when the hexapole state selection signal is measured. To avoid this, we placed a beam block (with 2 mm diameter) near the first hexapole state selector. By doing this we were able to control leakage of these unaffected molecules entering into the collision region. 
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The distance between the skimmer to the entrance opening of the hexapole is cho-sen in such a way that the maximum amount of ND3 molecules are focused in the collision region. Due to its large (1.5 D)51 dipole moment, ND3 can be easily manipulated by us-ing an external electric field. In our setup the hexapole field consists of six stainless cylindrical rods with alternating positive and negative charges, and is used to cre-ate an electrostatic field that increases in the radial direction, causing low-field seeking molecules diverging away from the axis to deflect back towards the middle of the hexapole. By estimating the radial force on the molecule we can calculate the final trajectories. The symmetric top ammonia molecule does not have the usual first-order Stark effect because of the splitting of the degenerate k-levels due to the molecular inversion52. If we neglect hyperfine effects, the second-order Stark force acting on the ND3 molecule with rotational quantum numbers j and k can be repre-sented as20, 30  𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = −∇𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (2.3)  𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = ∆𝜀𝜀𝜀𝜀𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘2 ± �14 Δ𝛆𝛆𝛆𝛆𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘2 + [𝜇𝜇𝜇𝜇𝐸𝐸𝐸𝐸(𝑟𝑟𝑟𝑟)]2 � 𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗(𝑗𝑗𝑗𝑗+1)�2 (2.4) Where Δ𝜀𝜀𝜀𝜀𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘is the jk doublet transition frequency and m denotes the projection of j on the electric field axis and 𝐸𝐸𝐸𝐸(𝑟𝑟𝑟𝑟) is the external electric field. The minus sign ap-plies to the negative Stark effect, i.e. to molecules with symmetric umbrella inver-sion (+), whereas the plus sign is applied for antisymmetric inversion symmetry (−). The ND3 molecules in rotational levels with k = 0 merely experience a very weak force from the hexapole field, as follows from equation 2.4. The hexapole voltage is set to focus ND3 molecules in a selected internal state in the collision region. For para-ND3 the prepared jk = 11 level is doubled via inver-sion splitting which helps in preparing to well defined parity (+) and (−) states after rotational cooling. Using a hexapole, these two parity states are separated in such a way that in ideal case only one state, here the  𝑗𝑗𝑗𝑗𝑟𝑟𝑟𝑟± = 11− state, reaches the collision region. Depending on the sign and strength of the hexapole electric field, these ND3 molecules experience different deflections. By varying the focusing of the ND3 molecules, one can selectively choose one of the 𝑗𝑗𝑗𝑗𝑟𝑟𝑟𝑟± = 11− states. The field acting radially on the molecules will deflect, either towards or away from the mo-lecular beam axis depending on the sign of the field. For ND3 this means that mole-cules in the upper doublet levels (−) are focused into the collision region, whereas the lower doublet (−) molecules are deflected away from the collision region. Due 
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to the cooling in the adiabatic expansion and hexapole state selection, ND3 mole-cules are readily available in the well-defined initial state 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−. After preparation of the pure initial rotational state 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−, the ND3 molecules are excited by collision with He into various higher rotational final states. State selective detection for various 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  levels of the scattered ND3 molecules is done by (2+1) REMPI via the B� ← X� transition.45-47 While the first two photons drive the resonant absorption to the electronic B� state of ND3, the third one promotes the excited B� state molecule above the ionization potential. The symmetry of the ground and excited electronic states and spin statistics of the three deuterium nuclei implies that only transitions originating from the lower inversion compo-nent (+) of the ground state for ionization appear in bands in which ν2 (the number of quanta of vibration in the umbrella mode of the intermediate state) is even. The transition that corresponds to the inversion component (−) appear in ν2 odd bands. Hence, two transitions – in our case the B�(𝜈𝜈𝜈𝜈2 = 4) ← X�(𝜈𝜈𝜈𝜈2 = 0) and B�(𝜈𝜈𝜈𝜈2 = 5) ←X�(𝜈𝜈𝜈𝜈2 = 0) transitions must be excited to probe all individual rotational states. The former and latter transitions probe the final states of ND3 with + inversion sym-metry (at 321 nm) and – inversion symmetry (at 317 nm), respectively.  
 
Figure 2.2.5 REMPI spectra of ND3: (a) without and (b) with hexapole state selection, for the B�(4) band; (c) without and (d) with hexapole state selection, for B�(5) band. Labels indicate the jk rotational quantum numbers and umbrella vibration inversion symmetry of the levels from which the transitions originate.  The REMPI spectrum is shown in Figure 2.2.5 for non-scattered ND3 molecules. We measured the spectra with and without hexapole state selection via 𝜈𝜈𝜈𝜈2 = 4 and 5 
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vibrational levels of the B� state. We can clearly see that in the B�(4) band the inten-sity of the lines originating from molecules in 11+ rotational state measured with hexapole state selection are decreased. This is due to the deflection of molecules in the 11+ state from the molecular beam axis as a result of their negative Stark effect. In the B�(5) band the intensity of the lines originating from molecules in 11− state are significantly increased because of focussing of those molecules into the colli-sion region due to the positive Stark effect. The intensities of the 10− lines are same in the spectra measured with and without hexapole state selection in the B�(5) band, although these lines are hardly visible in the spectrum obtained with hexa-pole state selection because of the larger ordinate scale. However, the 00+ line is invisible due to its overlapping with a stronger 11− state.  REMPI line originating from levels with k = 0 are not enhanced, because they are not influenced by the hexapole field.30 From the figure we can see that in the B�(5) band the 10− and 00− lines are almost missing in the spectrum measured with hexapole state selection process. Since both these states correspond to ortho modification of ND3 mole-cules, this justifies why the experiments with hexapole state selection have not been performed for ortho modification. 
2.3 Image analysis 
2.3.1 Differential and Integral cross section To describe a collision process between atoms or molecules, we need to know the key parameters including the direction of collision product, speed, and internal states. In inelastic scattering as a result of collision, the internal state of the prod-uct changes. If we consider both collision partners are in the same plane then, de-pending on the scattering interactions, the probability of finding scattered prod-ucts at a given scattering angle is the product angular distribution, and in the cen-ter of mass (CM) system this is called the differential cross section (DCS). The inte-gral cross section (ICS) is obtained by integrating the DCSs at all angles. DCSs pro-vide a complete picture of a scattering event. Conversely, if we have knowledge about the angular distribution, we can determine the interaction potential. DCS is defined by  𝜎𝜎𝜎𝜎(𝜃𝜃𝜃𝜃, 𝜈𝜈𝜈𝜈𝑟𝑟𝑟𝑟) = 𝐼𝐼𝐼𝐼(𝜃𝜃𝜃𝜃,𝜈𝜈𝜈𝜈𝑟𝑟𝑟𝑟∕)𝐼𝐼𝐼𝐼0(𝜈𝜈𝜈𝜈𝑟𝑟𝑟𝑟)  (2.5) Where 𝐼𝐼𝐼𝐼(𝜃𝜃𝜃𝜃, 𝜈𝜈𝜈𝜈𝑟𝑟𝑟𝑟∕) is the number of scattered particles per unit relative velocity range per unit solid angle in a unit time. 𝐼𝐼𝐼𝐼0(𝜈𝜈𝜈𝜈𝑟𝑟𝑟𝑟) is the number of incident particles per sec-
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ond per unit relative velocity range per unit area normal to the direction of motion. θ is the polar angle measured in the center-of-mass coordinates, and 𝜈𝜈𝜈𝜈𝑟𝑟𝑟𝑟 and 𝜈𝜈𝜈𝜈𝑟𝑟𝑟𝑟∕ are the relative velocities of the particles before and after the collision. 
2.3.2 Scattering in the center of mass frame and laboratory frame In general, scattering processes are examined either in the laboratory or center of mass frame of reference. Product angular distributions in collision experiments are usually described by Newton diagrams53, 54, which show clearly the connection of the velocity vectors between the laboratory and CM frames before and after colli-sions. The Newton diagram helps in visualizing the transformation, and under-standing the kinematics of a collision system. In the laboratory frame, the scatter-ing results are described by scattering angles and the molecular beam velocities as measured in the laboratory frame of reference, which makes it easier to visualize the collision in real world. The angular distribution after collision, however, is measured with respect to the CM frame in terms of relative velocity of the collided particles and the motion of center of mass rather than the motion of each individu-al particle. Hence, for simplicity the angular and velocity distributions measured in the laboratory frame must be transformed to the center of mass (CM) frame for theoretical interpretation. In a crossed beam experiment, the angular distribution of the scattered product is distributed in a Newton sphere whose center is the center of mass of the colliding particles. Newton diagram showing the relation between laboratory and CM frames is shown in Figure 2.3.1.  
 
Figure 2.3.1 Newton diagram showing the relation between laboratory and CM velocities for molecule 1 and 2. Velocities after collision indicated by prime values. Θ and θ are the deflection angles in labora-tory and CM frames respectively.  For example, let us consider a collision event between two molecules, where vec-tors v1 and v2 corresponds to initial velocities and 𝐯𝐯𝐯𝐯/1 and 𝐯𝐯𝐯𝐯/2 corresponds to final 
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velocities of the molecules in the lab frame, whereas vectors u1 and u2 corresponds to initial velocities and 𝐮𝐮𝐮𝐮/1 and 𝐮𝐮𝐮𝐮/2 corresponds to final velocities of the molecules in the CM frame. The angles Θ and θ are the laboratory and CM-frame scattering angles defined to be between velocity vectors before and after the collision in the corresponding frame. The relations between the velocity vectors of the colliding molecules in the lab and CM frame are,  𝑉𝑉𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = m1𝐯𝐯𝐯𝐯1+m2v2𝐶𝐶𝐶𝐶  (2.6)   u1 = m2𝐶𝐶𝐶𝐶 𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (2.7)   u2 = −m1𝐶𝐶𝐶𝐶 𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (2.8) Where V𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is the center of mass velocity and M is the total mass of the system. The relative velocity, 𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is defined as  𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = u1 − u2 = 𝐯𝐯𝐯𝐯1 − 𝐯𝐯𝐯𝐯2 (2.9)  Let us explain this event from the point of view of an observer moving along with the center of mass vector. The observer will see that the two colliding mole-cules approaching along the relative velocity axis, 𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = u1 − u2 and moving away from each other along the direction of relative velocity axis 𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/ = u1/ − u2/  after the collision. After the collision the velocity of the scattered product is given by   u1/ = m2𝐶𝐶𝐶𝐶 𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/  (2.10)   u2/ = −m1𝐶𝐶𝐶𝐶 𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/  (2.11) The kinetic energy of two particles in the laboratory system is given by  𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟aboratory = 12m1𝐯𝐯𝐯𝐯12 + 12m2𝐯𝐯𝐯𝐯22 (2.12) The kinetic energy in the CM frame is  𝑇𝑇𝑇𝑇 = 1
2
m1u12 + 12m2u22 (2.13) We can represent the kinetic energy in the CM frame as the kinetic energy of the relative motion as  
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 𝑇𝑇𝑇𝑇 = 1
2
𝜇𝜇𝜇𝜇𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
2  (2.14) Where, µ is the reduced mass associated with the relative velocity 𝐯𝐯𝐯𝐯𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟   𝜇𝜇𝜇𝜇 = m1m2
𝑚𝑚𝑚𝑚1+𝑚𝑚𝑚𝑚2
 (2.15) The final relative kinetic energy, 𝑇𝑇𝑇𝑇/ can be explained as  𝑇𝑇𝑇𝑇/ = 𝑇𝑇𝑇𝑇 − ∆𝐸𝐸𝐸𝐸 = 1
2
𝜇𝜇𝜇𝜇𝐯𝐯𝐯𝐯/𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2  (2.16)  
 
Figure 2.3.2 CM frame for ND3-Ar system  It is easier to explain collisions in the CM frame. For example, when ND3 and Ar beams cross each other at an angle 900, the CM point of the system is shifted along the relative velocity vector towards Ar, since Ar is heavier than ND3. We can visual-ize the same picture in the CM frame as a head on collision with the origin of the Newton sphere of scattering at the center of mass. Scattering along the direction of ND3 is called forward scattering, and sideways and backward scattering follows. Figure 2.3.2 shows an actual image with forward scattering. 
2.3.3 Density to flux transformation In this section we will discuss the density to flux transformation, a general problem that occurs in all scattering experiments, and a solution to this problem. Put simp-ly, kinetic processes are expressed by flux (change in concentration in time) while pulsed laser measurements usually provide the instantaneous concentration at the measurement time. This often results in a distortion of the scattering data. For 
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example, the image shown in the Figure 2.3.2, should be symmetric with respect to the relative velocity axis, however, there is an accumulation of ion signal in regions closest to zero laboratory velocity. During each pulse, molecular valve opens for around 100 microseconds. In scattering experiment two such molecular beams collide each other for around 50 microseconds and the nanoseconds long REMPI laser pulse timing is usually adjusted to the time where there is maximum signal. The scattered molecules moving with CM are faster and thus some will fly out of the detection volume before they can be detected. However, the scattered mole-cules moving opposite to CM will slow down and will have a larger chance of being ionized by the laser, making the image asymmetric. This density instead of flux detection makes our scattering images asymmetric; they need to be corrected to get actual scattering outcome. We correct this problem using the IMage SIMulation (IMSIM) program developed by Prof. G. McBane to extract actual differential cross sections from velocity map images55. This program input is modified in accordance to fit our experiments. Out of the two procedures, associated with the IMSIM pro-gram, to extract the differential cross sections from the raw image we use the di-rect extract method based on the method reported by Lorenz et al.56  In this direct extract method, we simulate an ‘apparatus function’ image using experimental conditions to create the density problem by using the apparatus functions, like laser and molecular beam geometry, laser focus volume, molecular beam timings, and velocity distribution in molecular beam etc. The apparatus func-tion image represents the instrument dependent simulated image assuming a per-fectly isotropic DCS in the CM frame. Furthermore, we can simulate how an iso-tropic DCS is distorted because of instrument effects by the scattering angle de-pendent intensity function. Normally, the real differential cross sections 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑Ω
(θ) can be extracted from the angle dependent intensity of experimental images Iexp(θ) by dividing the scattering angle dependent intensity of the apparatus function Iapp(θ). The angle dependent intensity of experimental image can be represented as:   𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝜃𝜃𝜃𝜃) = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑Ω (𝜃𝜃𝜃𝜃) × 𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝜃𝜃𝜃𝜃) (2.16) Figure 2.3.3 illustrates the correction procedure, (removing the influence of the instrument configuration) where we divide the angular distribution of the experi-mental image by the simulated image angular distribution to get the actual product angular distribution. After the correction we can see that the angular distribution is symmetric with respect to the velocity axis.  
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Figure 2.3.3 Density to Flux correction 
2.4 Apparatus function (Experimental conditions) The apparatus function contains several parameters that represent our experi-mental conditions. The most important experimental parameters needed to simu-late an isotropic image in ‘IMSIM’ are presented in Table 2.4.1. Furthermore, we need to supply the crossing angle between two molecular beams, which is 900 for our fixed beam setup. The temporal profile of molecules in our molecular beam is determined by varying the opening time of the pulsed molecular valve with respect to the Q-switch trigger pulse of the ionization laser. The temporal profile depends on the valve used and the pulse driver box, which produces a voltage pulse that opens the valve. 
Table 2.2 Relevant experimental parameters used to simulate ion image using ‘IMSIM’ program.  Parameter Value Distance from ND3 nozzle to molecular beam crossing point 350 mm Distance from nozzle (Ar/He/H2) to molecular beam crossing point 90 mm Skimmer diameter 3 mm Focal length of lens 500 mm Temporal width of the ND3 beam (NPV) 100 µs Temporal width of Ar/He/H2 beam (Jordan valve) 100 µs Diameter of the laser beam before focusing lens 3 mm Speed of primary molecular beam ND3 (in Ar) 590 m/sec Speed of secondary molecular beam Ar 625 m/sec Speed of secondary molecular beam He 1660 m/sec Speed of secondary molecular beam H2 2700 m/sec    
÷
Experimental, Apparatus function,
Intensi
ty (arb
.unit).
Angle (in degrees)
Intensi
ty (arb
.unit)
Angle (in degrees)
Differential cross section
Symmentry axis
Angle (in degrees)
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.unit)
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Chapter 3 State-to-state resolved differential cross sections for rotationally inelastic scattering of ND3 with He 
               1Adapted from: Ondřej Tkáč, Ashim Kumar Saha, Jolijn Onvlee, Chung-Hsin Yang, Gautam Sarma, Chandan Kumar Bishwakarma, Sebastiaan Y.T. van de Meerakker, Ad van der Avoird, David H. Parker, and Andrew J. Orr-Ewing,  PCCP, 16, 477-488 (2014).  
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Abstract State-to-state differential cross sections are presented for rotationally inelastic scattering of fully state-selected ND3 (𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−) with He. Experimental measure-ments are compared with full close-coupling quantum-mechanical scattering cal-culations that used an ab initio potential energy surface. Results are presented for final states up to 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′± = 77− at a mean collision energy of 430 cm-1. For selected final quantum states, the effect of collision energy on the differential cross sections is also explored in the range 230–720 cm-1. For the experimental studies, a hexapole electrostatic lens was used for the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± state-selection of ND3 molecules in their elec-tronic and vibrational ground states in a molecular beam. This state-selected mo-lecular beam was then crossed with a beam of He atoms. The velocities of inelas-tically scattered ND3 molecules in single 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  states were obtained by velocity map imaging, and converted to differential cross sections in the centre-of-mass frame by density-to-flux transformation. The close-coupling calculations reproduce well the measured angular distributions. For small changes in the rotational angular momentum quantum number (𝑗𝑗𝑗𝑗), the ND3 is predominantly forward scattered, but the scattering shifts to the sideways and backward directions as Δ𝑗𝑗𝑗𝑗 increases. For scattering into a given 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  state, cross-sections for collisions that conserve the ± symmetry associated with the ND3 inversion vibration are larger and generally more forward scattered than the corresponding symmetry-changing processes.   
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3.1 Introduction The study of rotational energy transfer in collisions of ammonia isotopologues was originally motivated by astrophysical applications, especially to aid the interpreta-tion of NH3 radio frequency signals.57, 58 The discovery of ammonia in the interstel-lar medium dates back to 1968,59 when emissions were observed at a frequency corresponding to the inversion transitions of the rotational levels 𝐽𝐽𝐽𝐽𝐾𝐾𝐾𝐾 = 11 and 22 in the vibrational ground state of NH3. Since then, ammonia has been observed in various environments, such as comets,60 the Galactic centre,61 the T dwarf class of brown dwarf stars,62 and in diffuse and translucent molecular clouds.63 Ammonia is also present in the Earth’s troposphere,64 and has been identified in the atmos-pheres of extrasolar planets.65 Fully deuterated ammonia, ND3, has been observed in prestellar cores.66 Cheung et al.67 noted that the observed NH3 emission intensi-ties from interstellar sources do not correspond to a single rotational temperature. In addition, the inversion transition was detected for the rotational level 𝐽𝐽𝐽𝐽𝐾𝐾𝐾𝐾 =119,68 which should not be populated at interstellar temperatures of 10-300 K, and that 𝐽𝐽𝐽𝐽𝐾𝐾𝐾𝐾 = 33 inversion transition has been predicted69 and observed70 to exhibit maser activity. These observations clearly showed that the emitting NH3 is not in thermal equilibrium with its environment. Because gas-phase collisions can transfer population to higher-lying rotational levels, inelastic scattering experiments help interpret the anomalous non-thermal microwave radiation emitted from interstellar clouds.30, 71 In our experiment after collisions, molecules are rotationally excited which are then ionized and subse-quently the evolving 3-dimensional Newton spheres of these scattered molecules are projected towards the position sensitive detector. We measure these Newton spheres experimentally as product density spheres, convert them to the desired product flux spheres. From these flux spheres, we extract the desired state-to-state DCSs, and compare these DCSs with those predicted from calculations carried out on highly accurate potential energy surfaces (PESs). These same surfaces are used to derive rate constants for astrochemical models. From the state-to-state DCSs that we compute, the integral state-to-state cross section σ(E, i → f ) can be derived by integration over all scattering angles, and can also be used to calculate thermal rate constants.  In addition to astrochemical motivations, the study of ammonia collisions is be-coming a hot topic in the cold molecule field. Slow collisions of NH3 molecules with He atoms were studied theoretically by Gubbels et al.42, who described the strong effects of scattering resonances on state-to-state integral cross sections (ICSs) as 
Differential cross sections for rotationally inelastic scattering of ND3 with He
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well as DCSs for collision energies ranging from 10-4 cm-1 to 130 cm-1. While work in Bas van de Meerakker group in Nijmegen is presently going on cold collisions, this chapter describes collisions of ND3 with He for higher energy where smooth trends in the DCSs and ICSs are expected. Inelastic collisions of NH3 with He29-31 have been the subject of extensive previ-ous study, with an emphasis on determination of ICSs and collision rates. However, experimental and theoretical DCSs were also reported for this system,29, 31 alt-hough, with the exception of calculations presented in ref. 19, without selection of the inversion symmetry of the initial state associated with the umbrella vibrational mode. These measurements of DCSs for NH3 collisions are complemented in the current study by detailed investigation of the scattering of ND3 molecules in colli-sions with He. The ND3 rotational energy levels are more closely spaced than those for NH3 because of differences in the rotational constants for the isotopologues. Therefore, a collision induced transition into the same final state of scattering is accompanied by an approximately two fold greater energy transfer for NH3 than for ND3. In this way, we can explore whether the dynamics of collisions are con-trolled by changes in the rotational quantum numbers 𝑗𝑗𝑗𝑗 and 𝑘𝑘𝑘𝑘 or in the total trans-ferred energy. The ND3 –collider system has greater reduced mass than the NH3 –collider system, so the dynamics evolving on the PES may be expected to differ. For example, from the classical results for rotational rainbow scattering of a homonu-clear molecule with an atom,72 the position of the rotational rainbow for a given 𝑗𝑗𝑗𝑗 and collision energy is expected to shift towards larger scattering angles for deu-terated system.73 The current work seeks to explore the dynamics of translational to rotational energy transfer in collisions of He with ND3 and therefore to understand better the intermolecular interactions between these species. Measurements are reported of quantum-state resolved DCSs obtained using crossed molecular beam (CMB) scat-tering,74-76 combined with resonance enhanced multi-photon ionization (REMPI) detection and velocity-map imaging (VMI).43 At this level of resolution of the dy-namics of a scattering process, rigorous comparisons can be drawn between exper-imental measurements and the outcomes of quantum mechanical (QM) scattering calculations. Such comparisons provide stringent tests of the accuracy of ab initio computed potential energy surfaces (PESs) for the collisional processes of interest. Although there is a significant body of work on inelastic scattering of diatomic molecules, such detailed experimental and computational investigations for scat-tering of polyatomic molecules remain relatively rare.77 
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A number of PESs have been developed previously for the NH3 – He58, 78-83 scat-tering system. In addition, theoretical DCSs for this system were reported by Mey-er et al.80 using the coupled state approximation and by van der Sanden et al.31 using close coupling methods with empirical and scaled ab initio potential energy surfaces.  In this chapter, results are presented for the state-to-state scattering of ND3 in its ground electronic (𝑋𝑋𝑋𝑋�1𝐴𝐴𝐴𝐴1′ ) and vibrational (𝜈𝜈𝜈𝜈 = 0) levels from He:  ND3 ( 𝑋𝑋𝑋𝑋�, 𝜈𝜈𝜈𝜈=0, 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− ) + He  → ND3 ( 𝑋𝑋𝑋𝑋�, 𝜈𝜈𝜈𝜈𝜈=0, 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′± ) + He (3.1) with 𝑗𝑗𝑗𝑗𝜈≤7, 𝑘𝑘𝑘𝑘𝜈≤7, and ± denoting symmetry/anti-symmetry of the inversion state associated with the 𝜈𝜈𝜈𝜈2 umbrella vibrational mode. Initial state selection is achieved by passing a super- sonically expanded and cooled molecular beam of ND3 in an inert carrier gas through a hexapole state selector prior to intersection with a sec-ondary beam of He. REMPI detection of individual j/k/± levels of ND3 allows deter-mination of the relative density of scattering into all angles (defined with respect to the relative velocity of the ND3 molecule in the CM frame), and, via density-to-flux transformation, fully state-to- state DCSs are obtained. Experimental meas-urements are contrasted with QM scattering calculations performed on a recently derived PES. 
3.2 Experimental The experimental measurements were performed in a crossed-beam scattering machine shown schematically in Figure 3.2.1. Beams of ND3 (seeded in a carrier gas) and the collider gas intersected at 90o within a high vacuum chamber, and ND3 molecules scattered into various 𝑗𝑗𝑗𝑗𝜈𝑘𝑘𝑘𝑘′±  rotational levels were detected with rotation-al level and inversion symmetry resolution using REMPI and VMI. The velocity map images contain information on the angular variation of the density of scattered ND3 molecules, and image analysis to determine state-resolved DCSs requires care-ful characterization of various experimental parameters. Further details of the procedures and outcomes of the necessary density-to-flux transformation are pre-sented in section 2.3.3 of chapter 2 of this thesis.  
Differential cross sections for rotationally inelastic scattering of ND3 with He
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Figure 3.2.1:  Schematic diagram of the crossed molecular beam and VMI apparatus  The primary molecular beam was produced by supersonic expansion of a mixture of 1% ND3 seeded in argon, krypton or xenon at a backing pressure of 2 bar through a home-built Nijmegen pulsed valve.50 The secondary helium beam result-ed from expansion of the pure He gas (2 bar backing pressure) through a hairpin-type Jordan pulsed valve placed in a differentially pumped source chamber. Both valves had opening times of ~100 µs and operated at repetition rates of 10 Hz. The expansions were collimated by skimmers (3 mm diameter) located 30 mm from the valve orifices. The primary beam of ND3 molecules then either passed through a pair of 12 cm long hexapoles operating at 18.5 kV if initial state selection was required, or a different source chamber was used without hexapole focusing. Dis-
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tances from the entrance of the skimmer to the scattering centre were 5 cm for the secondary beam, and 31 cm (with the hexapole) or 5.5 cm (without hexapole fo-cusing) for the primary beam. The two beams intersected at 90o inside the collision chamber, which was maintained at a pressure of 2 × 10-6 mbar during experimental measurements and had a base pressure (with the pulsed valves turned off) of ~3 × 10-7 mbar.  Collisions between particles in the primary and secondary beams occurred at the centre of an electrode assembly designed for velocity map imaging. ND3 was state-selectively ionized by (2+1) REMPI via the 𝜈𝜈𝜈𝜈2 = 4 or 5 vibrational levels of the 
𝐵𝐵𝐵𝐵�  Rydberg electronic state using respective ultraviolet wavelengths of 321-322 nm and 317-318 nm. These wavelengths were generated by frequency doubling the output of a tunable pulsed dye laser (Lambda Physik ScanMate) operating with DCM dye using a BBO doubling crystal. The dye laser was pumped by a Nd:YAG laser (Continuum Powerlite 9000) operating at 532 nm and with 10 Hz repetition rate. Typical ultraviolet (UV) laser energies were ~4.5 mJ/pulse in pulses of dura-tion 7-9 ns. A 50 cm or 20 cm focal length spherical lens was used to focus the ioni-zation laser into the scattering centre, and the diameter of the beam spot on the lens was 2 mm. The laser propagation direction was parallel to the relative velocity vector for experiments performed with the hexapole, and perpendicular to the relative velocity for experiments without the hexapole.   Current experiments were performed with a fixed wavelength chosen to give maximum scattering signal, rather than scanning the wavelength over the full width of the Doppler profile of the REMPI transition (0.1 cm-1 for inelastic scatter-ing of ND3 from He). However, the laser bandwidth was ~0.3 cm-1 and the ~4.5 mJ energy per pulse of the laser power broadened the transitions sufficiently that Doppler scanning was unnecessary.     The expanding Newton sphere of ND3+ ions prepared by REMPI of scattered ND3 was extracted by static electric fields toward the VMI detector, which consist-ed of a pair of position sensitive micro channel plates (MCPs) located in front of a phosphor screen viewed by a CCD camera synchronized with the UV laser pulses. The laser also created ions with other masses, so the detector was switched on only for a short period of time to detect just ions with the desired mass-to-charge ratio. In all the experimental results presented here, images were recorded as a two dimensional projections of the Newton sphere of ions.  Position and intensity data from the CCD camera were transferred to a PC for further processing and analysis.   
Differential cross sections for rotationally inelastic scattering of ND3 with He
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The VMI ion optics consisted of a repeller, an extractor, and a grounded elec-trode, all of diameter 80 mm. The separations between repeller and extractor plate and between extractor and ground plates were, respectively, 10 and 15 mm, with a repeller voltage of 1 kV, and optimization of the extractor voltage to ±3 V around 777 V to ensure circular and focused images. The radius of the recorded ion image is then directly proportional to the speed of the ions at their point of formation by REMPI. For the ionization schemes employed here, the recoil of the electron from the ion (deriving from the excess energy of 3 UV photons above the 10.08 eV84, 85 ionization energy of ND3) can impart up to 20 ms-1 to the ND3+ corresponding to an ~3 pixel blurring of the images.86  
3.3 Rotational levels and initial state selection of ND3 Ammonia in the ground state has a pyramidal (C3v) equilibrium geometry.87 The double-minimum potential along the inversion coordinate associated with the 𝜈𝜈𝜈𝜈2 “umbrella” vibrational mode of ammonia gives rise to a splitting of all rotational levels into doublets with symmetric and antisymmetric components denoted by + and – respectively. ND3 is a symmetric top and its rotations are described by the usual angular momentum and projection quantum numbers j and k. Figure 2.1.3 in chapter 2 of this thesis depicts a rotational energy level diagram of the 𝑋𝑋𝑋𝑋�(𝜈𝜈𝜈𝜈2 = 0) state of ND3. The ND3 molecule exists in three nuclear spin modifications. The A1 nuclear spin functions are associated with rotational levels with k = 0 and odd j and with levels for which k is a multiple of 3. The A2 nuclear spin function corre-sponds to rotational levels with even j and k = 0, and also to levels for which k is a multiple of 3. Therefore, the rotational levels with k = 3, 6, … have both A1 and A2 components of the same energy. The E nuclear spin functions include all levels for which k is not a multiple of 3. The ND3 cannot inter-convert between different nuclear spin modifications during collisions. Therefore, initial state selection of the 11− level, as discussed in section 2.2.3 of chapter 2 of this thesis, limits the final states that can be observed in our experiments to those of E symmetry.  Therefore, experiments combining rotational cooling in a pulsed expansion and subsequent hexapole focusing concentrate only on scattering of state-selected ND3 (11−) to other E symmetry levels. Scattering of any residual 00+ population present in the beam does not play any role in experiments probing E-symmetry product levels since the 00+ state has A2 symmetry.  However, ND3 molecules in the 11+ level also have E symmetry and can contribute to our inelastic scattering signals, but are 
present at ≤1 % of the 11− population after state selection and so can be neglected. 
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State-specific REMPI detection of scattered products then allows measurements of true state-to-state scattering.  
3.4 Results and Discussion 
3.4.1 Theoretical results Integral and differential state-to-state cross sections were computed by close-coupling calculations, described in details in section IID of ND3-He inelastic scatter-ing paper.88 These calculations were performed using the intermolecular PES of Gubbels et al.42 for NH3-He. The interaction potential is described in terms of four coordinates: R, β, γ, and ρ, where R is the length of the vector R that points from the centre-of-mass of the NH3 molecule to the He atom. The angles β and γ are the zen-ith and azimuthal angles of the three-fold (C3v) symmetry axis of NH3 in a body-fixed dimer frame with its z-axis parallel to R. The umbrella or inversion angle ρ of the NH3 molecule is defined as the angle between the symmetry axis of the mole-cule and a vector pointing from the N atom to one of the H atoms, so that ρ = π/2 corresponds to a planar NH3 geometry. The present study concerns ND3 rather than NH3. These isotopologues have the same electronic structure and we assume them to have the same geometry, which implies that the NH3-He and ND3-He interaction potentials are identical. However, when NH3 is replaced by ND3 the monomer centre-of-mass shifts along the three-fold symmetry axis of the molecule and the intermolecular coordinates are differ-ent. The new coordinates R' and β' valid for ND3-He can easily be expressed in terms of the NH3-He coordinates R and β, whereas the coordinates γ and ρ do not change. To investigate the differences between the scattering of He atoms with ND3 and NH3, we calculated cross sections for both isotopologues colliding with He. Moreover, we performed scattering calculations for ND3-He with the NH3-He inter-action potential, without transforming this potential from the coordinates R, β to 
R', β', to investigate which changes in the ICSs are due to differences between the potentials and which effects originate from the differences in the reduced mass and the ammonia monomer rotational constants. These calculations were per-formed for a collision energy of 430 cm-1. The resulting ICSs with the 11− initial level are shown in Figure 3.4.1, in comparison with theoretical cross sections for   
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Figure 3.4.1 Calculated integral cross sections for ND3-He with the transformed interaction potential (black), and with the original NH3-He (red) potential of ref. 17 are compared with cross sections for NH3-He (green). All calculations were performed for a collision energy of 430 cm-1. The blue bars are the integral cross sections for NH3-He from ref. 91 at a collision energy of 436 cm-1. ICSs for 22+ and 55+ final levels were multiplied by 500 to be visible.  
 
Figure 3.4.2 Coefficients 𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(R,ρe) for the (a) ND3-He and (b) NH3-He interaction potential as a function of the centre-of-mass (CM) distance R, evaluated at the equilibrium ammonia umbrella angle.  NH3-He at a collision energy of 436 cm-1.89 There are significant differences in the magnitudes of the inelastic cross sections for various transitions. Moreover, the cross sections for some transitions change considerably when a different reduced 
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mass and rotational constants or a different interaction potential are used. The variations of these changes for various state-to-state cross sections can be ex-plained by differences in the expansion coefficients of the PES and by the relative importance of specific anisotropic terms in the expansion for transitions from the 11− level to different 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′±  levels.90, 91 The most important expansion coefficients 
𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑅𝑅𝑅𝑅,𝜌𝜌𝜌𝜌𝑟𝑟𝑟𝑟) are plotted as a function of R at the equilibrium umbrella angle ρe in Figure 3.4.2 for the ND3-He and NH3-He interaction potentials, respectively.  These expansion coefficients explain, for example, why the cross section to the 21− level, which is caused in first order by the large 𝜈𝜈𝜈𝜈20 term, is larger than the cross section to the 21+ level, which in first order is caused by the relatively small 𝜈𝜈𝜈𝜈10 and 𝜈𝜈𝜈𝜈30 terms. Note also that the cross section to the 22+ level is three orders of magnitude smaller than the cross section to the 22− level. This can be explained by the fact that only a combination of the 𝜈𝜈𝜈𝜈10 and 𝜈𝜈𝜈𝜈33 terms may cause a transition from the 11− to the 22+ level, while the large 𝜈𝜈𝜈𝜈33 term directly leads to the transition into the 22− state. Figure 3.4.2 also shows that the isotropic 𝜈𝜈𝜈𝜈00 term and the anisotropic terms in the ND3-He and NH3-He interaction potentials are similar, except for the 𝜈𝜈𝜈𝜈10, 𝜈𝜈𝜈𝜈40, and 𝜈𝜈𝜈𝜈43 terms. The latter terms are strongly affected by the shift of the monomer centre-of-mass, which explains the differences in the cross sections calculated for the ND3-He system with the two different interaction potentials. The fact that these differences are substantial for some of the inelastic processes demonstrates the importance of transforming the interaction potential of NH3-He to that for ND3-He. The differences between the ICSs for the two systems, both calculated with the NH3-He interaction potential, also show that the reduced mass and especially the ammonia rotational constants have a large influence on the cross sections. There are significant differences in the ICSs for NH3-He reported in ref. 52 and the pre-sent ones for this system. The previous ab initio interaction energies for NH3-He89 were computed using the SCF method with a (by current standards) small Gaussi-an basis, while the interaction energies used for the present calculations were computed with a more accurate method and larger basis set. 
3.4.2 Differential cross sections for ND3 (𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏−) + He scattering DCSs for collisions of ND3 prepared in the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− level and scattered with He into various final rotational levels were measured for three collision energies. First, the ND3 was diluted in Ar to give a mean collision energy of 430 ± 40 cm-1, and Figure 3.4.3 shows raw velocity map images. 
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Figure 3.4.3 Experimental velocity map images for inelastic scattering of ND3 prepared in an initial state 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− and seeded in Ar by collision with He at a collision energy of 430 ± 40 cm-1.  Images are labelled by the final rotational level and +/− symmetry of the detected ND3. The bottom panel shows a partial Newton diagram indicating the directions of the relative velocity and forward (00) and back-ward (1800) scattering.  The images in Figure 3.4.3 show several distinct features. Firstly, because of con-servation of energy, the state-specifically detected ND3 products scatter on a single circle centred at the CM of the collision and of radius proportional to the ND3 speed, but with a small amount of blurring resulting from a distribution of molecu-lar beam velocities and recoils imparted to the ND3 by the REMPI process. The intensity at any point of the image is proportional to the number of molecules de-tected at the associated scattering angle, θ, and we define θ = 00 as being parallel to the relative velocity of the ND3 in the CM frame. Many images show a black spot in the forward direction, which is a consequence of detection of trace amounts of unscattered ND3 populating the probed rotational level within the primary molecu-lar beam. Images accumulated with the secondary beam delayed beyond the laser firing time have been subtracted from the scattering images to give the data shown in the figures, and this subtraction can mask any scattering into the small region corresponding to the primary beam velocity in these images. Since the laser band-width is finite, the images have been measured only for those wavelengths where a unique assignment of a single final state is possible, with no overlapping REMPI transitions arising from other rotational levels. 
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Figure 3.4.4 DCSs for inelastic scattering of ND3 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− (seeded in Ar) with He into various final j'k' levels with + symmetry.  Red lines are experimental results derived from the raw images in Figure 3.4.3 following density-to-flux transformation.  Black lines are QM scattering calculations.  The mean collision energy was 430 ± 40 cm-1.  DCSs extracted from the images shown in Figure 3.4.3 are plotted in Figures 3.4.4 and 3.4.5. The DCSs are compared to the calculated DCSs obtained using the close-coupling method. The measured DCSs are normalized to match the values at θ = 600 with the calculated DCSs. DCSs are not shown at small angles for certain final states, for which there is strong interference from unscattered molecules present in the parent beam. Even for those final states for which DCSs are presented over the whole range of scattering angles, the DCSs for θ < 100 must be treated with some caution. The agreement between the experimental and calculated DCSs is in most cases good, although we are not able to resolve diffraction oscillations at small angles experimentally, because of insufficient angular resolution.      
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Figure 3.4.5 DCSs for inelastic scattering of ND3 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− (seeded in Ar) with He into various final j'k' levels with − symmetry.  Red lines are experimental results derived from the raw images in Figure 3.4.3 following density-to-flux transformation.  Black lines are QM scattering calculations.  The mean collision energy was 430 ± 40 cm-1.  The principal observation is that the ND3 is forward scattered, or scattered side-ways in the forward hemisphere, for product states with j' ≤ 4, with the exception of the 32+ and 44+ final levels. However, for larger changes in the rotational quantum numbers j and k the scattering shifts significantly into the backward hemisphere. Note also that the experiments for scattering into the highest measured rotational states (55 and 77) were performed only for – inversion symmetry, because of very weak signal for final states with + symmetry. Some differences are observed between the DCSs for scattering into the + and − symmetry components of the same 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ level. The general trend is that vibrational inversion symmetry conserving collisions are somewhat more forward scattered than the symmetry changing collisions. The most pronounced effect is seen for 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ 
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= 32 and 44. In both cases, the symmetry changing collisions give DCSs peaking in the backward hemisphere, whereas the symmetry conserving collisions result in DCSs peaking in the forward hemisphere. 
3.4.3 Differential cross sections for inversion symmetry averaged ND3 + He 
scattering In addition to the measurements reported in the previous section for inelastic collisions of the parity selected ND3 (11−), scattering into several ND3 rotational levels has been probed for rotationally cooled, but not further rotational level or vibrational inversion symmetry selected ND3. These experiments did not employ the hexapole state selection described in Sections 3.2 and 3.3. The initial state dis-tribution for ND3 is shown in Table 2.1 of chapter 2 of this thesis.  
 
Figure 3.4.6 Experimental velocity map images for the crossed molecular beam scattering of ND3 (seeded in Ar) with He. The ND3 was cooled in a supersonic expansion prior to collision with He, but was not further state-selected by a hexapole filter. The final state 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 30− corresponds to the A2 nuclear spin modification and the 53− level has A1 and A2 symmetry nuclear spin arrangements. The remaining product states have E symmetry.  The collision energy was 440 ± 40 cm-1.  For the E nuclear spin modification, the initial state is jk =11, but +/− symmetry averaged, whereas the initial states for A1 and A2 modifications are jk = 00 and 10, again without a preference for +/− components. State selective detection was car-ried out solely through the 𝐵𝐵𝐵𝐵�(5) band, therefore the inversion symmetry of the final level for all measured images is −. The velocity map images and the DCSs ex-tracted from them following density-to-flux transformation are shown in Figures 3.4.6 and 3.4.7 respectively. The final state 30− corresponds to the A2 nuclear spin 
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modification and the 53− level has components with symmetries A1 and A2. The remainder of the measured images correspond to the E nuclear spin modification. Again, there is good agreement between experimental data and the DCSs obtained from QM scattering calculations.  
 
Figure 3.4.7 DCSs for inelastic scattering of ND3 (seeded in Ar) with helium without use of the hexapole state selector for the ND3 beam.  Red lines are experimental measurements and black lines are the results of QM scattering calculations. The mean collision energy was 440 ± 40 cm-1. See the caption to Figure 3.4.6 for nuclear spin symmetries.  The umbrella vibrational inversion symmetry of the final state is − in all cases.  Scattering of the ND3 in the E nuclear spin modification prepared without hexapole parity selection (initial level 11) into 21−, 22−, 31−, 32− and 55− states can be compared to the corresponding results for parity selected ND3 (11−) shown in section 3.4.2. In this way, the scattering out of the 11+ initial level may be explored. All these DCSs measured with the inversion symmetry averaged initial state (11) are in quantita-
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tive agreement with corresponding DCSs measured for the symmetry selected initial state (11−), suggesting at most a minor contribution from the scattering from the 11+ level into a given final 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′−  state. Calculated DCSs out of the 11+ level into various final levels with – inversion symmetry are almost identical to the DCSs out of the 11− initial level to the same final levels, but with + symmetry, as shown in Figure 3.4.8.  
 
Figure 3.4.8 Calculated differential cross sections out of the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘 = 11 level into various final levels 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′ at a collision energy of 430 cm-1. Red lines correspond to − → + vibrational inversion symmetry changes, whereas for black lines, the symmetries of the initial and final levels are reversed. 
3.4.4 Dependence of the differential cross section on the collision energy Seeding the ND3 in either excess Kr or Xe carrier gas instead of Ar gave small varia-tions in the mean collision energy: the ND3 (in Kr) + He and ND3 (in Xe) + He colli-sion energies were respectively 410 ± 40 cm-1 and 400 ± 40 cm-1, compared to 430 
± 40 cm-1 for ND3 seeded in Ar. However, the effects of these changes proved negli-gible. One consequence of this outcome is that experimental data obtained with a 
± 40 cm-1 spread of collision energies can be compared with computational results at a single mean collision energy without the need for convolution over the exper-imental distribution. 
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More significant changes to the collision energy required use of a different mo-lecular beam apparatus in which the intersection angle between ND3 (in Ar) and He beams could be changed from 90o. Velocity map images acquired for He + ND3 (11−) → He + ND3 (21−, 31− and 44−) state-to-state scattering at collision energies of 230, 430 and 720 cm-1 are shown in Figure 3.4.9. The image analysis with appro-priate modifications to the density-to-flux transformation code to accommodate changes to the experimental geometry gave the DCSs plotted in Figure 3.4.10. The experimental DCSs were normalized to match a computed value at θ = 70º. The measured DCSs are more sharply forward peaking as the collision energy increases from 230 to 720 cm-1. The most pronounced change in the angular distribution with increasing collision energy is seen for the 44− final level. These DCSs show a pronounced shift from a broad distribution extending over the entire angular range to sharp forward scattering as the collision energy increases from 230 to 720 cm-1, indicating that longer range interactions are sufficient at the higher colli-
sion energies to induce Δj = +3 and Δk = +3 changes to the rotational angular mo-mentum. The sensitivity of the DCSs to the collision energy must reflect the chang-es in the impact-parameter dependence of the torque applied to the ND3 that is required to produce the final levels as the collision energy increases.  
 
Figure 3.4.9  Experimental velocity map images for inelastic scattering of ND3 prepared in an initial state 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− and seeded in Ar by collision with He at collision energies of 230, 430 and 720 cm-1.  Images are labelled by the final rotational level and − symmetry of the detected ND3. The directions of the relative velocity vectors are shown in the top panel.  
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Figure 3.4.10  DCSs for inelastic scattering of hexapole state-selected ND3 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−  (seeded in Ar) with He into the 44− state for the various collision energies indicated. Experimental results determined from density-to-flux transformation of raw velocity map images (red lines) are compared to quantum scat-tering calculations (black lines). 
3.4.5 Conclusions Comparison of fully state-to-state differential cross sections for inelastic scattering of ND3 (𝑋𝑋𝑋𝑋�,ν = 0, 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−) with He at a collision energy of 430 cm-1 shows very satisfactory agreement between experimental measurements and quantum me-chanical scattering calculations performed with an ab initio potential energy sur-face.  The comparisons are made for final rotational levels up to 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′ = 77 and for both symmetric (+) and antisymmetric (−) components of the inversion vibration associated with the ν2 umbrella mode. The experimental DCSs were derived from velocity map images obtained using a crossed molecular beam machine. Image processing required careful treatment of the transformation from density to flux to compensate for experimental bias towards products with lower laboratory frame speeds.  For small changes in the j rotational angular momentum quantum numbers, the ND3 is predominantly forward scattered at a mean collision energy of 430 cm-1, but the scattering shifts to the sideways and backward directions as Δj increase. A 
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simple interpretation of these observations is that smaller impact parameter colli-sions are required to generate a greater torque on the ND3. The DCSs also differ for scattering from the initial  11− state to 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ levels with the same j′ and k′ values but + or − symmetries with respect to the vibrational inversion motion. All these effects are captured quantitatively by the QM scattering calculations, lending considerable confidence to the quality of the PES employed and the validity of a reduced dimen-sionality treatment of the degrees of freedom of the ND3. Further investigation of the He + ND3 (11−) → He + ND3 (21−, 31− and 44−) state-to-state scattering reveals DCSs that are very sensitive to the collision energy in the range 230 – 720 cm-1.   
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Chapter 4 Rotationally Inelastic Scattering of Quantum-State Selected ND3 with Ar 
                 1Adapted from: Ondřej Tkáč, Ashim K. Saha, Jerome Loreau, David H. Parker,  Ad van der Avoird and Andrew J. Orr-Ewing,  Journal of Physical Chemistry A, 119(23), 5979(2015).   
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Abstract Rotationally inelastic scattering of ND3 with Ar is studied at mean collision ener-gies of 410 and 310 cm-1. In the experimental component of the study, ND3 mole-cules are prepared by supersonic expansion and subsequent hexapole state selec-tion in the ground electronic and vibrational levels and in the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− rotational level. A beam of state-selected ND3 molecules is crossed with a beam of Ar, and scattered ND3 molecules are detected in single final 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  quantum states using reso-nance enhanced multiphoton ionization spectroscopy. State-to-state differential cross sections for rotational-level changing collisions are obtained by velocity map imaging. The experimental measurements are compared with close-coupling quan-tum-mechanical scattering calculations performed using an ab initio potential en-ergy surface. The computed DCSs agree well with the experimental measurements, confirming the high quality of the potential energy surface. The angular distribu-tions are dominated by forward scattering for all measured final rotational and vibrational inversion symmetry states. This outcome is in contrast to our results for inelastic scattering of ND3 with He, where we observed significant amount of sideways and backward scattering for some final rotational levels of ND3. The dif-ferences between He and Ar collision partners are explained by differences in the potential energy surfaces that govern the scattering dynamics.   
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4.1 Introduction Prior study of rotational energy transfer in collisions of ammonia isotopologues with He and H2 has been motivated by astrophysical applications,92-95 as discussed in chapter 3 of this thesis. To complement such studies, and to examine the effects of changes to the properties of the collision partner on the collision dynamics, ine-lastic scattering of NH3 with Ar has also been the subject of extensive previous experimental investigation.96-99 This chapter presents the first quantum state-to-state resolved differential cross sections (DCSs), as well as calculated integral cross sections (ICS) for the ND3 + Ar system. The objectives are to explore the dynamics of translational to rotational energy transfer for this system, and thereby to derive insights into the intermolecular interactions between these colliding species. The state-resolved ICSs and DCSs are sensitive to the anisotropy of the intermolecular interactions and can be used to test computed potential energy surfaces (PESs) and quantum mechanical (QM) scattering calculations that simulate the collision dynamics. ICSs do not allow ready distinction of the influence of the short range repulsive and the long range attractive parts of the PES,94, 98 so important addition-al insights are gained from measurement of the angular distribution of particles scattered into a specific final state.  A DCS determination offers more detailed information about the PES governing the collisions than is contained in the ICS, since the form of the DCS can reveal the dependence of the collision dynamics on the impact parameter, 𝑏𝑏𝑏𝑏. The 
𝜒𝜒𝜒𝜒 ≈  𝑉𝑉𝑉𝑉(𝑏𝑏𝑏𝑏)/𝐸𝐸𝐸𝐸coll relationship, where 𝑉𝑉𝑉𝑉(𝑏𝑏𝑏𝑏) is interaction potential and 𝐸𝐸𝐸𝐸coll is the collision energy, illustrates that forward scattering (corresponding to small deflec-tion angles χ) originates from large impact parameters and hence samples the attractive long-range part of the potential. Rainbow scattering occurs when a tra-jectory samples the minimum of the potential, which may correspond to a well resulting from van der Waals interactions, and the large deflections characteristic of backward scattering originate from collisions at small impact parameters that probe the short range part of the PES.  In addition to extending the understanding of the intermolecular interaction between ND3 and Ar, the results presented in this chapter are contrasted with the collisional scattering behavior of ND3 with Ne,100 and He.101 In this way, the effect of mass, polarizability and duration of the interaction can be explored for collisions of ND3 with He, Ne and Ar. With selection of ND3 in a single vibrational and rota-tional level and the antisymmetric component of the umbrella vibrational inver-
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sion doublet prior to collisions, we are able to make precise measurements of the scattering that are not degraded by averaging over an initial distribution of states. Prior determinations of DCSs for rotationally inelastic scattering were reported, for example, for H2O collisions with He102, 103 and H2,104 OH radical with Ar and He,105 HCl with various colliders,106 and NO with Ar and He.107-111 Recently, the ine-lastic scattering dynamics of methyl radical with He,112 H2 and D2,113 and Ar114 were examined using crossed molecular beam methods in combination with velocity map imaging (VMI). Measured DCSs were contrasted with theoretical DCSs calculated using quantum mechanical close-coupling scattering calculations on newly comput-ed ab initio PESs. Excellent agreement lends confidence to the quality of the calcu-lated PESs. These studies also explored the effects of anisotropies in the intermo-lecular potential associated with the polar and azimuthal angles of approach of the collision partner, defined with respect to the three-fold rotational symmetry axis of the methyl radical. Comparisons have been made between the scattering dynamics of the planar, open-shell CD3 radical and the pyramidal, closed-shell ND3 molecule in collisions with He on the basis of rigorous close-coupling scattering calculations.115 There are many similarities between the DCSs for ND3–He (for colli-sions that conserve the ± symmetry) and CD3–He scattering, nevertheless observed differences can be linked to interaction terms in the expansion of the PES which directly couple transitions between initial and final rotational levels. The ND3 molecule is an important candidate for potential applications in exper-imental studies of cold collisions. In crossed beam scattering experiments, a Stark decelerator can be used to decelerate neutral polar molecules with a time-varying electric field. The inelastic scattering can be studied over a wide range of collision energies. In this way, the details of scattering processes that remain hidden in con-ventional crossed beam scattering experiments may be revealed. For example, the effects of Feshbach and shape resonance can be observed, as can the diffraction oscillation present in the small angle scattering of the DCSs, which are beyond the resolution of the current experiments. Diffraction oscillations were recently re-solved in inelastic scattering experiments of a Stark decelerated beam of NO with He, Ne and Ar.116 The signatures of scattering resonances have been studied theo-retically for the NH3 – He system.117  In this chapter, results are presented for the state-to-state scattering of ND3, prepared in its ground electronic and vibrational levels and in the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− rota-tional level, with Ar at two collision energies 410 ± 40 cm-1and 310 ± 30 cm-1. Ini-tial state selection is achieved by supersonic expansion and hexapole state selec-tion. In addition to the experiments performed with the hexapole state selected 
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ND3(11−) scattered by Ar, velocity map images were measured for ND3 – Ar without use of the hexapole, for scattering into final levels with 𝑗𝑗𝑗𝑗' = 2 and 3, with the initial state averaged over several rotational levels populated in the molecular beam expansion. Experimental DCSs are compared to theoretical DCSs calculated using the close-coupling method on an accurate ab initio PES. 
4.2 Experimental All experimental measurements were conducted in a crossed molecular beam in-strument equipped with velocity map imaging capability. The experimental appa-ratus has been described in detail in sections 2.2 and 3.2 of this thesis, and we provide only a summary here. A primary beam of 1% ND3 diluted in Ar or Kr and a secondary beam of pure Ar were crossed at 90o in a vacuum chamber. The scat-tered ND3 molecules were probed using (2+1) REMPI spectroscopy via the B�-state. The ions were projected onto a position sensitive detector using VMI ion optics, generating a 2D projection of the 3D distribution of velocities resulting from the inelastic scattering. A UV laser was tuned to specific vibrational and rotational features in the (2+1) REMPI spectrum of ND3 in order to generate velocity map images for ND3 molecules populating individual rotational and inversion symmetry levels of the lowest vibrational state. Prior to collisions with Ar, the ND3 was cooled in a supersonic expansion to its ground vibrational and low-lying rotational levels, and was passed through a hexapole filter, giving full initial 𝑗𝑗𝑗𝑗, k and umbrella inver-sion symmetry selection. Further details of the selection of initial quantum states, ND3 rotational levels and spectroscopy of the B� ← X� transition used to detect the scattered ND3 is discussed in sections 2.1.2 and 3.3 of this thesis.  Conversion of raw images to centre-of-mass (CM) frame differential cross sec-tions requires a density-to-flux transformation that corrects for the experimental bias towards observation of slower moving ND3 products in the laboratory frame. The DCSs were extracted from experimental images using a density-to-flux trans-formation in the same way as described in section 2.3.3 of chapter 2 of this thesis.  
4.3 Results and Discussion 
4.3.1 Integral cross sections The scattering calculations were carried out on the recent potential energy surface of Loreau et al.118, described in details in section 2.B of ND3-Ar inelastic scattering pa-
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per119. Fig. 4.3.1 shows calculated integral cross sections for ND3 collisions with Ar from the initial level 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− to final rotational levels 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±   up to 𝑗𝑗𝑗𝑗′ = 6. For a final level with a given 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′, the ± umbrella inversion symmetry has a significant effect on the magnitude of the ICS. For ND3 final levels with – inversion symmetry, 80 % of the scattering produces 𝑗𝑗𝑗𝑗′ ≤ 4, whereas this fraction is 51 % for + inversion symmetry final levels. The observed propensities arise because inversion symmetry conserving transitions are directly coupled by expansion coefficients vλμ for which λ + μ is even (λ, μ ≥ 0), whereas for inversion symmetry changing transitions λ + μ must be odd.120 The size of the expansion coefficient then determines the magnitude of the ICS.  The coefficients vλμ are plotted as a function of the internuclear distance R in Fig. 5 of Loreau et al118. The most significant contributions to the expansion in eq 1 of ND3-Ar inelastic scattering paper119 over the R-range is importance to the inelastic scattering are from the v00 coefficient, which describes the isotropic part of the PES, the v10 (and to a lesser extent v20 and v30) terms that describe the 𝜃𝜃𝜃𝜃-dependence, and v33 and v43 which are the first terms that describe the 𝜙𝜙𝜙𝜙-dependence.  
 
Figure. 4.3.1. Calculated integral cross sections for ND3 collisions with Ar from 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− to various final rotational levels 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ with – umbrella inversion symmetry (red) and + symmetry (black).   Certain trends in the ICS values are highlighted here. The 22+ and 55+ final levels are not directly coupled to the initial 11− level by any expansion coefficients (but are instead linked by a combination of terms), and therefore, the associated ICSs are very small. For 21, 31 and 41 final levels, the ICSs are larger for the – symmetry component of the final state. These transitions are directly coupled by vλ0 coeffi-cients. On the other hand, the transitions into 32, 42 and 52 final levels have larger 
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ICSs for the + symmetry final state. These symmetry changing transitions are direct-ly coupled by the v43 coefficient (and the v63 coefficient in the case of the 52 level), as opposed to symmetry conserving transitions (– symmetry of the final level) which are directly coupled by the v33 or v53 coefficient. The ICS for the 44 final level is larg-er for – symmetry because it is directly coupled by two expansion coefficients v33 and v53, whereas the 44+ final level is directly coupled only by the v43 coefficient. Similarly the 54+ final level with a large calculated ICS is directly coupled by v63 and 
v43 terms, whereas the 54− final state is only linked to the initial 11− level by the v53 coefficient. Similar arguments can be made for higher 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′±  final levels. 
4.3.2 Differential cross sections for ND3 (𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏−) + Ar scattering  Measurements of the dynamics of the ND3 – Ar system were made at two different collision energies by seeding the ND3 molecules either in Ar or Kr. The collision energy for inelastic scattering of ND3 seeded in Ar with a second Ar beam was 410 ± 40 cm-1, while with krypton as a carrier gas the collision energy was 310 ± 30 cm-1. Figure 4.3.2 shows velocity map images for experiments using the hexapole state selection to prepare ND3 (11−) molecules seeded in Ar. The images for Kr as a carri-er gas shown in Figure 4.3.4. The resultant DCSs for state-to-state scattering of ND3 (𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−) at 410 and 310 cm-1 are displayed in Figures 4.3.3 and 4.3.5 for numer-ous final 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′±  quantum states. The experimental DCSs are compared with theoreti-cal DCSs; for the purposes of the comparison, the experimental data were normal-ized to match the computed DCS values at a scattering angle of 45°.  All the measured DCSs for collisions of ND3 with Ar are dominated by forward scattering, suggesting an important role of the long-range attractive part of the PES in determining the outcomes of collisions. With closer examination, we notice fine differences between DCSs (in particular, the calculated versions) between individ-ual final levels. Most of the DCSs show a sharp decrease toward larger scattering angles and do not extend significantly behind θ ≈ 50º. In these cases, excellent agreement between experimental and calculated DCSs is found, except that the computed diffraction oscillations are not resolved in our experiments. Several calculated DCSs for final levels 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′± = 55− and 77− (coupled to 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− by the v66 coef-ficient) as well as for 32+, 42+ and 44+ (coupled by the v43 coefficient) show very sharp forward peaks extending only up to θ ≈ 10º and then a broad shoulder up to θ ≈ 120º. For these final levels, the agreement with experiment is somewhat poorer. In particular, the experimental DCSs do not show the two resolved features but in-stead have a forward peak extending up to θ ≈ 90º that is broader than for the remainder of the final levels. The disagreement could be explained by insufficient 
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angular resolution in our experiment, which smears out the sharp forward peak and merges the two features observed in the calculated DCSs into one broad peak.   
 
Figure 4.3.2 Velocity map images for the inelastic scattering of ND3 with Ar at a collision energy of 410 ± 40 cm-1. The ND3 was state-selected by a hexapole filter to be almost exclusively in the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− state prior to collision.  Alternatively, it could signal a modest inadequacy of the description of the interac-tion potential between ND3 and Ar by the current PES, resulting in inaccurate de-termination of the v43 and v66 coefficients. We suggest that the former explanation is the more likely. The most pronounced sideways scattering shoulder is predicted by calculation for the DCS for 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′± = 32+, and this is reproduced well by the experi-ment.  Also notice that DCSs for final levels 31+ and 41+ (coupled to 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− by the 
v30 coefficient) show, in addition to a sharp forward peak, a minimum around θ ≈ 45º followed by a slight increase toward large scattering angles (sideways and backward scattering).  This fine feature is also well reproduced in the experiment 
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probing the 41+ final level, but is not seen for the 31+ image. The 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′± = 22+ final level is not directly coupled to 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− by any expansion coefficient of the PES, which is why the vertical scale for the DCS is much smaller than for other final states, and the diffraction oscillations in the calculated DCS are not so pronounced. A shift toward larger scattering angles (i.e., backward scattering) for ND3 + Ar is predicted by theory for final rotational levels starting with 𝑗𝑗𝑗𝑗′ = 6.   
 
Figure 4.3.3 Experimental (red) and theoretical (gray) DCSs for inelastic scattering of ND3 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− with Ar into various 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  final levels. Experimental DCSs were derived from the raw images in Figure 4.3.1 following density-to-flux transformation.  The collision energy was 410 ± 40 cm-1.  Of the measured final levels, the 32, 42 and 44 final levels are also of interest be-cause they exhibit the largest difference between DCSs for ND3 products having the same rotational quantum numbers, but differing in + and − symmetry components. In contrast to the shapes of DCSs for + symmetry components with a sharp forward peak and broad shoulder, the DCSs for − symmetry components are much narrow-er and confined more in the forward hemisphere. In addition, the DCSs for final rotational levels 41+ and 54− are much more strongly forward peaking than those for 42+ and 55− levels, which differ only in the k𝑗 projection quantum numbers and thus by different expansion coefficients that directly couple these final levels. 
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Figure 4.3.4 Velocity map images for inelastic scattering of ND3(11−) with Ar. The ND3 was prepared by supersonic expansion of a dilute mixture in Kr and state selected using a hexapole filter prior to colli-sion with the Ar beam. The collision energy was 310 ± 30 cm-1.  
 
Figure 4.3.5 Experimental (red) and theoretical (gray) DCSs for inelastic scattering of ND3 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− (seeded in Kr) with Ar into various 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  final levels. Experimental DCSs were derived from the raw imag-es in Figure 4.3.3 following density-to-flux transformation. The collision energy was 310 ± 30 cm-1.  The change in the collision energy for inelastic scattering of ND3 with Ar from 410 ± 40 cm-1 (Ar carrier gas) to 310 ± 30 cm-1 (Kr carrier gas) has no apparent effect on the shapes of the DCS and hence the collision dynamics. The signal level for the 
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77− final level was too low to measure an experimental image for the lower collision energy of 310 ± 30 cm-1. 
4.3.3 Differential cross sections for +/− symmetry averaged ND3 + Ar 
scattering In addition to the experiments performed with the hexapole state selected ND3 (11−) scattered by Ar, velocity map images were measured for ND3 – Ar without use of the hexapole. Figure 4.3.6 shows images for scattering into final levels with 𝑗𝑗𝑗𝑗' = 2 and 3. State selective detection was carried out solely through the 𝐵𝐵𝐵𝐵�(5) band, therefore the umbrella inversion symmetry of the final level for all measured im-ages is −. The ND3 was rotationally cooled in a supersonic expansion but was not subjected to further rotational level or umbrella inversion symmetry selection in a hexapole filter. The initial population of the beam is averaged over several rota-tional levels and inversion symmetries of ND3. Only levels with the same nuclear spin symmetry can be considered as initial levels for production of a particular final level of that spin symmetry. The initial level populations of ND3 at 4 K are listed in Table 2.1 of chapter 2 of this thesis. For the E nuclear spin modification (final levels 21−, 31− and 32−), the initial state is 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘 = 11, but +/− symmetry averaged, whereas the initial states for A1 symmetry are 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 00+ and 10− and for the A2 modifi-cations are 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 00− and 10+. The final level 20− corresponds to the A2 modification and  30− to the A1 modification of ND3. The collision energy was 415 ± 40 cm-1, which is slightly larger than for hexapole state selected experiments described in the previous sections because a different pulsed valve (Jordan valve instead of Nijmegen pulsed valve) was used to produce the primary ND3 beam. This change of valve resulted in a slightly larger velocity of the ND3 beam. The DCSs extracted from experimental velocity map images are shown in Fig-ure 4.3.7 for 𝑗𝑗𝑗𝑗𝑗 = 2 and 3, and are compared to calculated DCSs averaged over ap-propriate initial level distributions. The experimental DCSs are normalized to match the values of the computed DCSs at 45°. All measured DCSs peak in the for-ward hemisphere with a maximum at θ = 0º, similar to the observed DCSs for scat-tering of hexapole state selected ND3(11−) with Ar. However, the DCSs measured for +/− symmetry averaged initial levels of ND3 extend as far as θ = 90º, in contrast to DCSs for the 11− initial level of ND3, which extend only up to θ = 45º. Although the unfiltered molecular beam contains ND3 populating levels other than 11−, computed DCSs suggest the broadened angular scattering observed experimentally cannot simply be accounted for by contributions from scattering out of these other levels.   
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Figure 4.3.6  Experimental velocity map images for the crossed molecular beam scattering of ND3 (seeded in Ar) with Ar. The ND3 was cooled in a supersonic expansion prior to collision with Ar, but was not further state-selected by a hexapole filter. The collision energy was 415 ± 40 cm-1.  
 
Figure 4.3.7  Experimental (red) and theoretical (gray) DCSs for inelastic scattering of ND3 (seeded in Ar) with Ar into various 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′−  final levels. The hexapole state selection process was not used for this experiment. The final level 20− corresponds to the A2 modification and  30− to the A1 modification of ND3.  Experimental DCSs were derived from the raw images in Figure 4.3.6 following density-to-flux trans-formation. The collision energy was 415 ± 40 cm-1. 
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4.3.4 Comparison of ND3 scattering with rare gases The scattering dynamics of ND3(11−) – Ar can be compared to previously shown ICSs and DCSs for ND3(11−) scattering by He presented in chapter 3 of this thesis. Figure 4.3.8 compares ICSs for these systems for scattering out of 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− to vari-ous final rotational levels 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ at a collision energy 410 cm-1 for both systems. In general the ICSs are larger for Ar as a collision partner than for He, especially for final ND3 levels with + umbrella inversion symmetry (Figure 4.3.7(b)). For inelastic scattering of ND3 out of the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− level with He, 78 % of collisions conserve the umbrella inversion symmetry, whereas this fraction is only 58 % for Ar. The total inelastic ICS out of the ND3 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− level for collisions with He is only 40 % of the corresponding ICS for Ar collisions at this energy.   
 
Figure 4.3.8 Calculated integral cross sections for ND3 collisions with Ar and He from 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− to vari-ous final rotational levels 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ with (a) – umbrella inversion symmetry and (b) + symmetry. The collision energy for both systems was 410 cm-1. 
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Example DCSs for inelastic scattering of ND3 with Ar and He into a few selected 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  final levels are overlaid in Figure 4.3.9. These DCSs were calculated at a collision energy 410 cm-1 for both systems. The DCSs clearly demonstrate that scattering with Ar is in general more sharply peaking in the forward hemisphere than for He, for which the distributions are broader with more sideways or backward scattering, even for the low lying final levels. Corresponding differences in the PESs can also explain the scattering dynamics of ND3 with Ar and He. Cuts through the minimum geometry of the ND3 – Ar and ND3 – He PESs are shown in Figure 4.3.10. The global minimum of the PES is located at R = 6.756  bohr with a well depth of De = 147.6 cm−1 for ND3 – Ar, whereas for ND3 – He the minimum occurs at a smaller distance 
R = 6.095 bohr with a substantially shallower well,  De = 35 cm−1. Longer-range attractive interactions are more significant in the ND3 – Ar system than for ND3 – He, and larger impact parameter collisions lead to the observed forward scattering.   
 
Figure 4.3.9 Calculated DCSs for inelastic scattering of ND3 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− with Ar (black) and He (red) into selected 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  final levels.  The collision energy for both systems was 410 cm-1.  
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The DCSs for ND3(11−) scattering by He into final levels 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′−  and 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′+ , differing only in the umbrella inversion symmetry of the final level, exhibit distinctly different be-havior. In contrast, the DCSs for ND3(11−) – Ar have, in general, very similar shapes for scattering into both final levels 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′−  and 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′+ . In other words, the DCSs for ND3(11−) – Ar for a given transition, differing only in whether the +/− symmetry is conserved or changes during a collision, are nearly identical in shape, but not in magnitude.   
 
Figure 4.3.10  Cuts through the minimum geometry for the ND3 – Ar and ND3 – He PESs.  Experimental DCSs for inelastic scattering of ND3 from neon as a collision partner have only been presented previously for ND3 prepared in +/– symmetry averaged initial levels.100 The DCSs for the ND3 - Ne system are forward peaking for 𝑗𝑗𝑗𝑗𝑗 ≤ 4 and sideways and backward scattered for higher 𝑗𝑗𝑗𝑗𝑗, as is the case of He. The scattering from Ne therefore contrasts with Ar scattering, which is dominated by forward scattering for all measured final levels. 
4.4 Conclusions The angular distributions of 11− state-prepared ND3 scattered by Ar are dominated by forward scattering for all measured final rotational and umbrella inversion symmetry states. This outcome contrasts with our prior studies of ND3 scattered by He, for which the DCSs are broader and, for higher 𝑗𝑗𝑗𝑗𝑗, are dominated by side-ways and backward scattering. These differences are attributed to the attractive versus repulsive character of the PESs governing the scattering dynamics. Fully state-to-state DCSs for inelastic scattering of ND3 (𝑋𝑋𝑋𝑋�, ν = 0, 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−) with Ar at collision energies of 310 and 410 cm-1 were compared to DCSs obtained by 
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quantum mechanical scattering calculations performed using an ab initio PES. The comparisons show good agreement for selected final rotational levels up to 
𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ = 77 and for both symmetric (+) and antisymmetric (−) components of the inversion vibration associated with the ν2 umbrella mode of ND3. The DCSs for ND3 scattered by Ar from the 11− level into 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′+  and 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′−   inversion vibrational states are nearly identical in shape, with the exception of the measured 32, 42 and 44 final levels, while the magnitude (ICSs) is different even for other final levels.    
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Chapter 5 Rotationally inelastic scattering of ND3 with H2 as a probe of the intermolecular potential energy surface 
               1Adapted from: Ondřej Tkáč, Ashim K. Saha, Jerome Loreau, Qianli Ma,  Paul J. Dagdigian, David H. Parker, Ad van der Avoird and Andrew J. Orr-Ewing,  Molecular Physics, 113(24), 3925 (2015)   
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Abstract Differential cross sections (DCSs) are presented for rotationally inelastic scattering of ND3 with H2, measured using a crossed molecular beam apparatus with velocity map imaging (VMI). ND3 molecules were quantum-state selected in the ground electronic and vibrational levels and, optionally, in the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− rotation-inversion level prior to collisions. Inelastic scattering of state-selected ND3 with H2 was measured at the mean collision energy of 580 cm-1 by resonance-enhanced mul-tiphoton ionization spectroscopy and VMI of ND3 in selected single final 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  levels. Comparison of experimental differential cross sections with close-coupling quan-tum-mechanical scattering calculations serves as a test of a recently reported ab 
initio potential energy surface. Calculated integral cross sections reveal the pro-pensities for scattering into various final 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  levels of ND3 and differences between scattering by ortho and para H2. Integral and differential cross sections are also computed at a mean collision energy of 430 cm-1 and compared to our recent re-sults for inelastic scattering of state-selected ND3 with He.   
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5.1 Introduction Rotationally inelastic scattering of ammonia isotopologues has attracted recent attention because of its astrophysical importance.121, 122 Ammonia was discovered in the interstellar medium by observing emissions at a frequency corresponding to the inversion transitions of the rotational levels jk = 11 and 22 in the vibrational ground state of NH3.123 Fully deuterated ammonia, ND3, has since been observed in prestellar cores.124 Deuterium-bearing molecules are important as probes of the very cold phases of molecular clouds, prior to star formation, and the isotopic compositions of molecules provide clues to their formation mechanisms.125 The jk = 33 inversion transition of NH3 has been predicted126 and observed70 to exhibit ma-ser activity. Because gas-phase collisions can transfer population to higher-lying rotational levels, inelastic scattering experiments and calculations help interpret the anomalous non-thermal microwave radiation emitted from interstellar clouds.  Previous studies of ammonia scattering were mostly restricted to measurement of integral cross sections (or rate coefficients).95, 127, 128 Differential cross sections (DCSs) for inelastic scattering of NH3 with n-H2 were measured by Meyer129 using counter-propagating molecular beams at a collision energy of 1177 cm-1. Experi-mental and theoretical DCSs have also been reported for NH3–He 130, 131 and NH3–Ar 97, 131 collisions, as well as experimental DCSs for ND3–Ne scattering.100 These measurements and calculations were performed without selection of the inversion symmetry of the initial state associated with the umbrella vibrational mode. Re-cently, we reported inelastic scattering studies of ND3 with He 101 and Ar 132, with full selection of the initial state, including this inversion symmetry, and found ex-cellent agreement with close coupling quantum mechanical (QM) scattering calcu-lations. In this study, molecular hydrogen was selected as a collision partner for ND3 because of its high abundance in the universe, and hence astrophysical significance as a collider. Molecular hydrogen is recognized as a major contributor to the cool-ing of astrophysical media 133. Accurate computed DCSs for ammonia collisions involving the H2 molecule are computationally tractable because the large rota-tional constant means that only a few rotational levels of the collision partner need to be included in QM scattering calculations. The diatomic H2 molecule, with its rotational degrees of freedom, adds complexity to the scattering dynamics when compared to recent studies of ND3 collisions with Ar and He. 
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Para-H2 in the rotational ground state with rotational quantum number j2 = 0 is considered to be similar to a He atom in its interaction with ammonia because of the absence of a dipole-quadrupole interaction. However, Schleipen et al.128 showed that for some rotational levels of NH3, the results of scattering for para-H2 (j2= 0) are different than for He. Our current experiment does not distinguish be-tween ortho and para H2, but the theoretical calculations enable us to draw conclu-sions about differences between ortho- (j2= 1, 3, …) and para- (j2= 0, 2, …) integral and differential cross sections.  Our collision energies (580 cm-1) are larger than those expected for typical as-trophysical conditions95; nevertheless, the comparison between experiment and theory provides a test of a recently reported ab initio potential energy surface (PES)134 that can be used in calculations corresponding to the lower collision ener-gy regime. The experimental study of ammonia collisions at lower energies is also now accessible using a Stark decelerator to slow the ammonia molecules. Low energy collisions of NH3 with He were studied theoretically by Gubbels et al.117 with a focus on the observation of scattering resonances and revealed diffraction oscillations in the small-angle scattering regions of the DCSs. These types of inter-ference structures are beyond the resolution of the current experiments, but can in principle be resolved using a Stark decelerated molecular beam, as shown recently for inelastic collisions of NO with He, Ne and Ar. 116, 135 This work seeks to explore the dynamics of translational to rotational energy transfer in collisions of ND3 with H2 and therefore to understand better the inter-molecular interactions. Measurements are reported of quantum-state resolved DCSs obtained using crossed molecular beam (CMB) scattering, combined with resonance enhanced multi-photon ionization (REMPI) detection and velocity-map imaging.43 The state-to-state DCSs were measured for scattering of ND3 in its ground electronic (X�1A1′ ) and vibrational (v = 0) levels from H2: ND3 (𝑋𝑋𝑋𝑋�,v = 0, 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−) + H2 (𝑗𝑗𝑗𝑗2)  → ND3 (𝑋𝑋𝑋𝑋�, v′ = 0, 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′± ) + H2 (𝑗𝑗𝑗𝑗2′ ) (5.1) with j' ≤ 4, k' ≤ 4, and +/− denoting symmetry / asymmetry of the inversion state associated with the umbrella vibrational mode. Initial state selection of 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−was achieved by passing a supersonically expanded and cooled molecular beam of ND3 in an inert carrier gas through a hexapole state selector. Measurements were also performed without the hexapole filter, with the initial state of the ND3 aver-aged over +/− symmetry components and several 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘 levels. Measured DCSs are compared to the outcomes of QM scattering calculations, providing stringent tests of the accuracy of the ab initio computed PES. 
2ν
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5.2 Experimental The crossed molecular beam machine is described in detail in sections 2.2 and 3.2 of this thesis. The ND3 molecules were scattered in a single collision with H2 into various 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′±  final rotational levels. The scattered ND3 molecules were state-selectively ionized by (2+1) REMPI via the 𝜈𝜈𝜈𝜈2 = 4 or 5 vibrational levels of the  Rydberg electronic state. The laser system used to produce ultraviolet wavelengths of 321–322 nm and 317–318 nm consisted of a tuneable pulsed dye laser (Lambda Physik ScanMate) pumped by a Nd:YAG laser (Continuum Powerlite 9000), with frequency doubling of the fundamental output of the dye laser. Typical UV laser energies were 4.5 mJ/pulse with 10 Hz repetition rate. Collisions between particles in the primary and secondary beams occurred at the centre of an electrode assembly designed for velocity map imaging. The ex-panding Newton sphere of ND3+ ions prepared by REMPI of scattered ND3 was ex-tracted by a set of ion optics toward a position sensitive detector. This detector consisted of a pair of microchannel plates in chevron configuration located in front of a phosphor screen viewed by a CCD camera. The VMI ion optics comprised a repeller, an extractor, and a grounded electrode. The repeller voltage was main-tained at 1 kV, and optimization of the extractor voltage to ±3 V around 777 V en-sured circular and focused images. Under these velocity map imaging conditions, the radius of the recorded ion image was directly proportional to the speed of the ions at their point of formation by REMPI. More importantly for our current study, recorded velocity map images contained information on the angular variation of the density of scattered ND3 molecules, and hence could be analysed to obtain differential cross sections. The DCSs were extracted from experimental images using a density-to-flux transformation in the same way as described in section 2.3.3 of chapter 2 of this thesis. We discussed the rotational energy level structure of ND3, nuclear spin effects and selection rules for spectroscopic transitions in sections 2.1.2 and 3.3 of this thesis. At the rotational temperature of 4 K in the primary beam, only the three lowest energy rotational levels 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘 = 00, 11 and 10 were significantly populated, with just 0.7% of population in higher rotational levels. The hexapole state selection further restricted the initial state of ND3 to 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−. 
B~
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5.3 Results and Discussion 
5.3.1 Differential cross sections for ND3 (𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏−) + n-H2 scattering Quantum scattering calculations of integral and differential cross sections for colli-sion of the symmetric top ND3 with the H2 diatomic molecule were carried out using potential energy surface of Gubbels et al.42. The quantum scattering calcula-tions are described in details in section 2.2 of ND3-H2 inelastic scattering paper.136 Figure 5.3.1 shows experimental images for inelastic scattering of hexapole state selected ND3 from its 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− level into various final rotational levels 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ ± following collision with n-H2. The mean collision energy and the spread were 580 ± 50 cm-1. The corresponding DCSs extracted using density-to-flux transformation are shown in Figure 5.3.2 and are compared with calculated DCSs. For the purpose of compar-ison, the experimental DCSs were normalized to match the values of the theoretical DCSs at θ = 90°. The error bars associated with the experimental DCSs were de-termined by combining the standard deviation obtained from comparison of sev-eral measured images for a single final level with the uncertainty introduced by application of the density-to-flux transformation.  
 
Figure 5.3.1 Experimental velocity map images for the crossed molecular beam scattering of ND3 with n-H2 at a collision energy of 580 ± 50 cm-1. The ND3 was state-selected by a hexapole filter to be almost exclusively in the 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− state prior to collision and images are shown for eight different final 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±   levels, as indicated by the labels.  The orientation of the relative velocity vector vrel is indicated in one panel. 
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Figure 5.3.2 Experimental (red) and theoretical (black) DCSs for inelastic scattering of ND3 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11− with H2 into various 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  final levels indicated by the labels.  Experimental DCSs were derived from the raw images in Figure 5.3.1 following density-to-flux transformation.  The collision energy was 580 ± 50 cm-1.  In general, the calculated DCSs agree well with the experimental measurements, except that we were not able to resolve experimentally the diffraction oscillations present at small scattering angles. The sharp peak present in some of the calculat-ed DCSs at small angles (typically < 150) is also not reproduced well in our exper-iment because of imperfect subtraction of image contamination caused by the small fraction of ND3 molecules present in the molecular beam in the probed quan-tum state. Some disagreement is evident between experiment and theory for the amount of backward-scattered ND3 (32+) (Figure 5.3.2(d)). This discrepancy may reflect problems associated with this experimental measurement, or subtle errors in the PES that manifest themselves in the scattering into this one final quantum state. The DCSs for final levels 21 and 31 with both + and − umbrella vibrational inversion symmetry peak in the forward hemisphere, with very little flux for θ > 45°. The DCSs for scattering into these two final rotational levels differ in magni-
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tude for the + and − symmetry components of the final level, but have very similar shapes. However, the angular distributions for + and − symmetry components of the 32 and 44 final levels also differ significantly in shape: the DCSs for the 32− and 44− levels peak in the forward hemisphere, whereas they peak in the backward hemisphere for the 32+ and 44+ final levels. Similar behaviour was observed for the 32 and 44 final levels with respect to + and − symmetry components for inelastic scattering of ND3 with He presented in chapter 3 of this thesis. 
5.3.2 Differential cross sections for +/− symmetry averaged ND3 + n-H2 
scattering We now contrast scattering of hexapole state selected ND3(11−) with scattering into several ND3 rotational levels from +/− symmetry and low-𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘 averaged initial levels of ND3. The initial-level population distribution for ND3 without hexapole state selection is shown in Table 2.1 of chapter 2 of this thesis. The experimental images for a collision energy of 585 ± 50 cm-1 are shown in Figure 5.3.3. The comparison of experimental and theoretical DCSs, presented as weighted sums of state-to-state DCSs over the initial-level distribution are shown Figure 5.3.4. State selective de-tection was carried out solely through the 𝐵𝐵𝐵𝐵�(5) band, therefore the inversion symmetry of the final level for all measured images is −. The experimental DCSs were normalized to match values of theoretical DCSs at θ = 90°. DCSs are not shown at small scattering angles, for which there is interference from unscattered molecules present in the parent beam. Agreement between experiment and theory is satisfactory for scattering angles larger than 200 − 300 where the state-averaged DCSs exhibit only broad structures. 
Figure 5.3.3 Experimental velocity map images for the crossed molecular beam scattering of ND3 with n-H2. The ND3 initial state is averaged over + and − symmetry components and rotational levels inaccordance with a temperature of ~4 K. The collision energy was 585 ± 50 cm-1. 
Thesis Ashim Saha tabs Vx.indd   88 24-5-2018   11:00:00
5 
77 
 
Figure 5.3.4 Experimental (red) and theoretical (black) DCSs for inelastic scattering of ND3 with H2 into various final 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ levels with − symmetry. The hexapole state selection process was not used for this experiment. Experimental DCSs were derived from the raw images in Figure 5.3.3 following density-to-flux transformation. The collision energy was 585 ± 50 cm-1. 
5.3.3 ND3 scattering with ortho and para-H2 Molecular hydrogen consists of para-H2 with total nuclear spin I = 0 and ortho-H2 with nuclear spin I = 1. Even though our experiment does not distinguish between 
ortho- and para-H2, theoretical calculations enable us to draw conclusions about differences between scattering of ND3 by ortho- (j2 = 1, 3, …) and para- (j2 = 0, 2, …) H2. Computed integral cross sections are shown in Fig. 5.3.5 for scattering of ND3 out of the 11− initial level into both symmetry components of the final level by H2 initially in the j2= 0, 1 and 2 rotational level, for collisions that conserve j2. ICSs for 
para-H2 in its rotational ground state (j2 = 0) are much smaller for Δk = 0 transi-tions conserving the inversion symmetry of the ND3 (thus, final levels 21−, 31−, …) than for collisions with rotationally excited H2 (j2 = 1 and 2). Indeed, only 18% of 
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scattering with para-H2(j2 = 0) results in Δk = 0 collisions, whereas this fraction is 50% for both j2 = 1 and 2 rotational levels of H2. Thus, rotating H2 is more effective in conserving k in collisions. The reason that ground state para-H2(j2 = 0) behaves differently in collisions than ortho-H2(j2 = 1) and rotationally excited para-H2(j2 = 2) is that the terms with l2 > 0 in the expansion of the potential that depend on the orientation of H2 average out in first order when j2 = 0 and therefore do not play any direct role in the scattering for j2 conserving collisions. Since ND3 has a non-zero dipole moment, the leading electrostatic intermolecular interaction term is the dipole-quadrupole term, which falls off as R-4.  However, for ground state para-H2 this interaction vanishes and the dipole-allowed transitions of ND3 (Δk = 0, Δj = ± 1) are expected to be smaller in collisions of ND3 with para-H2(j2 = 0) than in collisions with rotationally excited H2. Note that the differences in ICSs between H2 with j2= 0, 1 and 2 for collision changing the inversion symmetry of ND3 (Fig. 5.3.5(b)) are smaller than those for collisions conserving the inversion symmetry 
and there are no clear trends. However, the Δk = 0 inversion-symmetry changing collisions still have smaller ICSs for para-H2(j2= 0). Smaller ICSs for the j2 = 0 than for the j2 = 1 initial level of H2 have also been ob-served for other molecule – H2 scattering systems, e.g., NH3–H2 134, OH–H2 137, and H2O–H2 138. In all these systems, the collision partners of H2 have nonzero dipole moments so that the leading electrostatic term is the dipole-quadrupole interac-tion. This interaction corresponds to the l1 = 1, l2 = 2, l = 3 terms and can contribute to the cross sections for j2 = 1 but not j2 = 0 initial levels. In contrast, the ICSs for CD3–H2/D2 collisions were found to be very similar for both j2 = 0 and j2 = 1 initial levels.113 This observation is consistent with the methyl radical having no dipole moment, so that the dipole-quadrupole interaction is missing for CD3–H2/D2 irre-spective of rotational angular momentum of the H2/D2 collider. 
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Figure 5.3.5 Calculated integral cross sections for rotationally inelastic scattering of ND3 out of the 11− level into various final levels with (a) – inversion symmetry and (b) + inversion symmetry for collisions with H2  in j2= 0, 1 and 2 rotational levels.  The ICSs are plotted for collisions that conserve j2. The colli-sion energy was 580 cm-1. 
The initial angular momentum of H2 influences the ICSs of ND3 scattering, and we now examine how it influences the scattering dynamics. For this purpose, we plot computed DCSs for selected final levels of ND3 after collisions with H2 with j2= 0, 1 and 2 in Fig. 5.3.6. The DCSs for 21−, 21+, 32− and 44− final levels have almost identical shapes for all three values of the H2 rotational angular momentum. However, the DCSs for j2= 0 are different from the DCSs obtained for j2= 1 and 2 for the 32+, 41−, 41+, and 44+ final levels of ND3. Interestingly the DCSs for j2= 1 and j2= 2 are almost identical for each final level (except in the case of the 32+ final level for which small differences are observable), even though they involve scattering by ortho- and 
para-H2, respectively. The differences in scattering dynamics of ND3 with H2 there-
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fore seem not to be a consequence of ortho and para modification of H2, but instead derive from scattering with rotationally excited and unexcited H2.  
 
Figure 5.3.6 Computed state-to-state DCSs for inelastic scattering of ND3 from the 11− rotational level into selected final 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′±  levels.  The collision partner was H2 and the collision energy was 580 cm–1.  The individual curves are ND3–H2 DCSs for which the initial rotational level j2 of the H2 collider was 0, 1 and 2, and remained the same after the collision.  In some panels, the j2 = 1 → 1 and j2 = 2 → 2 DCSs have been multiplied by the angle-independent scaling factor indicated on the plot. 
5.3.4 Comparison of ND3 scattering with H2 and He 
Para-H2 in the rotational ground state with j2 = 0 is expected to be similar to a He atom in its interaction with ammonia because of the absence of a dipole-quadrupole interaction. To compare ND3 scattering with H2 and He, we calculated ICSs and DCSs for ND3–H2 at a collision energy of 430 cm-1, which was the collision energy for our recent study of the ND3–He system presented in chapter 3 of this 
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thesis. Calculated ICSs for inelastic scattering of ND3 with He and H2 (j2= 0 and 1) are shown in Fig. 5.3.7. The ICSs for scattering by para-H2(j2 = 0) and He are differ-ent, especially for 𝑗𝑗𝑗𝑗𝑗1− and 21+ final levels. For He as a collision partner only 21% of the total ICS involves umbrella mode inversion symmetry changing transitions [Fig.5.3.7(b)], whereas this fraction is 50% and 45% for H2 with j2= 0 and 1. How-ever, this higher propensity for inversion symmetry-changing collisions for H2 than for He is mostly accounted for by the larger ICS for the 21+ ND3 final level for colli-sions involving H2. In addition, Fig. 5.3.8 compares DCSs for He and para-H2(j2 = 0) for selected ND3 final levels, and we observe  similar shapes for the DCSs for para-H2(j2 = 0) and He as collision partners for ND3.    
 
Figure 5.3.7 Comparison of calculated integral cross sections for rotationally inelastic scattering of ND3 out of the 11− level into various final levels with (a) – inversion symmetry and (b) + inversion symmetry for collisions with H2 in j2= 0 and 1 rotational levels and with He. The collision energy used for all calcu-lations was 430 cm-1. 
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Figure 5.3.8 Comparison of calculated differential cross sections for rotationally inelastic scattering of ND3 out of the 11− level into various final levels with (a) – inversion symmetry and (b) + inversion sym-metry for collisions with H2 in the j2= 0 rotational level (red) and He (black). The collision energy for all calculations shown was 430 cm-1. 
5.4 Conclusions The inelastic scattering of quantum-state selected ND3 with H2 was examined ex-perimentally. Fully state-to-state resolved DCSs for inelastic scattering of ND3 (𝑋𝑋𝑋𝑋�, 
ν = 0, 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−) with H2 at a collision energy of 580 cm-1 were compared to DCSs obtained by quantum mechanical scattering calculations performed with a previ-ously reported ab initio PES. These comparisons were made for selected final rota-tional levels up to 𝑗𝑗𝑗𝑗′𝑘𝑘𝑘𝑘′ = 44 and for both symmetric (+) and antisymmetric (−) components of the inversion vibration associated with the ν2 umbrella mode of ND3, and show satisfactory agreement between theory and experiment. However, 
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the sharp peaks present in the calculated DCSs at small angles are not reproduced well in our experiments. Additional measurements and calculations were per-formed with the ND3 initially state-averaged over several rotational levels as well as the +/− symmetry components. The resulting measured velocity map images are affected by imperfect subtraction of background signals caused by unscattered ND3 molecules in the molecular beam, especially for scattering angles θ ≤ 30°. Nev-ertheless, agreement between experiment and theory is satisfactory for scattering angles larger than 200 − 300  where the state-averaged DCSs exhibit only broad structures. The effectiveness of the hexapole selection of the initial quantum state and hence the purity of the state population in the molecular beam is demonstrat-ed by these comparisons.   The DCSs are sensitive to the + or − symmetry component of the final level in certain, but not all cases. For example, the DCSs for the 11−  → 32− and 44− transitions peak in the forward hemisphere, whereas they peak in the backward hemisphere for the 32+ and 44+ final levels. However, the DCSs for final levels with 𝑗𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘′ = 21 and 31 with both + and − umbrella vibrational inversion symmetry are very similar, and all peak in the forward hemisphere. The analysis of computed ICSs and DCSs re-vealed that ground-state para-H2 (j2 = 0), which has zero total angular momentum, behaves differently in collisions than ortho-H2 and rotationally excited para-H2, because of the absence of a dipole-quadrupole interaction. The DCSs for collisions with H2 (j2= 1 and 2) are almost identical for each final level of ND3 (except the 32+ final level), whereas the DCSs for j2= 0 are different from the DCSs obtained for j2= 1 and 2 for the 32+, 41−, 41+, and 44+ final levels of ND3. The differences in scattering dynamics of ND3 with H2 seem not to be a consequence of the ortho or para modifi-cation of H2, but instead derive from scattering with rotationally excited and unex-cited H2 (or, more precisely, from the fact that ground state para-H2 (j2 = 0) has zero angular momentum). Due to the absence of a dipole-quadrupole interaction, para-H2 in the rotational ground state might be expected to be similar to a He atom in its interaction with ammonia. However, our theoretical calculations show that the ICSs for ND3 (11−) scattering by para-H2 (j2 = 0) and He differ, especially for transitions into 𝑗𝑗𝑗𝑗𝑗1− and 21+ final levels. H2 as a collision partner tends to promote umbrella mode inversion symmetry changing transitions more readily than He, but the DCSs for He and pa-
ra-H2(j2 = 0) exhibit similar shapes. Similar differences between NH3 scattering with para-H2 and with He were observed and discussed in ref [23].   
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Chapter 6 Resonance Enhanced Multiphoton Ionization Spectroscopy (REMPI) of  NHD2 via the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′-state  
               1Adapted from: Chung-Hsin Yang, Gautam Sarma, Ashim Kumar Saha, David H. Parker, and Colin M. Western,  PCCP, 15, 6390 (2013).   
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Abstract Rotational analysis of the (2 + 1) resonance enhanced multiphoton ionization (REMPI) spectrum of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ Rydberg state of the ammonia isotopologue NHD2 is presented. While the electronic degeneracy is lifted in NHD2 the splitting is small enough that interactions between the two states must be considered, particularly to model the intensity of the transitions. A simple model is developed to account for these interactions, relating them to terms present in the symmetric isotopo-logues. Spectroscopic parameters for the zero point and (𝜈𝜈𝜈𝜈2′ = 1 - 6) vibrational levels of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ state have been derived using this model and the spectra are accurately simulated for the first time using the PGOPHER program. The current work provides the basis for velocity map imaging studies of rotational energy transfer in the mixed isotopologues of ammonia.   
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6.1 Introduction Ammonia and its mixed isotopologues NH2D and NHD2 are interesting in astro-chemistry because they have simple hyperfine patterns and a number of rotational transitions available at millimeter and submillimeter wavelengths, making them useful as a tracer or thermometer of molecular gas in space.139 The most sensitive transitions for NH3, however, can only be observed from airborne or space-based telescopes, while NHD2, for example, has been observed from ground-based tele-scopes.139 For this reason and for fundamental interest, it is important to under-stand rotational energy transfer processes in NHD2, as these govern the population of the excited rotational states that are observed by telescopes via their radiative emission. At present, the pathway for understanding rotational energy transfer under the conditions of interstellar space relies fully on advanced ab initio theory, which begins with calculation of the potential energy surface (PES) describing the interaction of ammonia with either H2 or He, the main collision partners present in space. Dynamical processes including state-to-state energy transfer or line broad-ening phenomena can be extracted by analysis of trajectories running on the PES. Experimentally, the most sensitive way to check the validity of a PES is to measure so-called state-to-state differential cross sections, which are then compared with theoretical predictions. Our group have reported such studies88, 102, 104, 119, 136, 140, for example, using the velocity map imaging (VMI) technique43 to experimentally determine state-to-state differential cross sections for water-H2, water-He, ND3-He, ND3-Ar and ND3- H2 rotational collisions, and thereby test the quality of the corre-sponding water-H2, water-He, ND3-He, ND3-Ar and ND3- H2 PES. VMI uses reso-nance enhanced multiphoton ionization (REMPI) as a state-selective detection method, and for the water and ammonia studies it was first necessary to fully characterize the REMPI process, especially for the mixed isotopologue HOD141 and ND3.47, 142 Similarly, it is first necessary to characterize the REMPI detection pro-cess for NHD2 in order to use REMPI for imaging studies of rotational energy trans-fer.   Building on previous studies by one photon spectroscopy,143-146 the Rydberg states of ammonia have been extensively studied by multiphoton techniques.142, 147-162 Transitions to these states show long progressions in the 𝜈𝜈𝜈𝜈2 umbrella mode. Weitzel, Western, and co-workers have recently characterized the REMPI spectra of all four isotopologues of ammonia for REMPI using two-photon resonance with the C′ Rydberg state of ammonia.162 However, due to symmetry selection rules, it is necessary to measure two different (𝜈𝜈𝜈𝜈 = even and odd) 𝜈𝜈𝜈𝜈2 umbrella mode levels of 
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the C′ state (𝜈𝜈𝜈𝜈2, 𝜈𝜈𝜈𝜈 = 0, and 𝜈𝜈𝜈𝜈2, 𝜈𝜈𝜈𝜈 = 1, for example) in order to fully probe the ground state of ammonia, and only the C′′(𝜈𝜈𝜈𝜈2, 𝜈𝜈𝜈𝜈 = 0) state is a suitable intermediate for NHD2 or NHD2 detection by the REMPI process. The C′(𝜈𝜈𝜈𝜈2, 𝜈𝜈𝜈𝜈 = 1) and higher states show severe line broadening due to rapid predissociation for NHD2 and NH2D, making it unsuitable for state-to-state REMPI studies. As we show here, REMPI via the B-state is suitable for such studies, and our goal here is to provide rotational parameters for the NHD2 isotopologue that can be used in a standard simulation program (PGOPHER163) to evaluate, for example, rotational state populations. Stud-ies of the NH2D isotopologue, which is somewhat more challenging due to differ-ences in state density and a more complex spectroscopy are presented in chapter 7 of this thesis. For both NHD2 and NH2D the B state spectroscopy is considerably more complex compared to the C′-state because of the degenerate nature of the B state, which gives rise to interesting spectroscopic questions in the analysis. This degeneracy is formally lifted in NHD2 and NH2D, but our results indicate the split-ting is small enough that interactions remain between the two states. A model for these interactions is presented below, which shows how terms diagonal in elec-tronic state in the symmetrical isotopologues map into terms mixing the near de-generate electronic states in NHD2 and NH2D. 
6.2 Experimental REMPI spectra were measured using a Velocity map imaging (VMI) apparatus de-signed for crossed-beam scattering that is described in detail in chapter 3 of this thesis. In our experiment a 5% mixture of NH3/ND3 (50:50) seeded in Ar or He at 0.5-3 bar total pressure is used in a pulsed valve (Jordan) with a 0.5 mm nozzle diameter. These hairpin-type valves operate at relatively high nozzle temperatures (>330K), which discourages cluster formation. Spectra were recorded under vari-ous expansion conditions to give rotational temperatures in the range of ~3 to 90 K for the NHD2 isotopologue. The pulsed expansion passes through an electroformed skimmer with a 3 mm opening located 30 mm downstream from the nozzle. After passing through the skimmer into the differentially pumped detection chamber, the beam enters the detection region between the repeller and extractor plate of the VMI ion lens where it is crossed at 45° by a focused pulsed laser tuned in the 310-340 nm re-gion. The experimental geometry introduces a Doppler shift estimated to be ~ 0.1 (seeded in Ar) or ~0.2 (seeded in He) cm-1 at 60000 cm-1. Ions formed are extract-ed along the TOF direction to a position sensitive multichannel plate/phosphor 
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screen imaging detector monitored by a CCD camera. The ion signal of the desired 
m/z ratio is selected by gating the gain of the detector at the appropriate arrival time. Laser pulse energies of 1-2 mJ/pulse at repetition rate of 10 Hz were generated by doubling the output light of a dye laser operating with various laser dyes, pumped by a frequency doubled 532 nm Nd:YAG laser, using an auto-tracker. A photodiode monitor of the frequency doubled dye laser output was used to ensure that the laser pulse energy remained constant during scanning. The laser polariza-tion is usually directed perpendicular to the imaging detector face, but the REMPI signal was found to be insensitive to the (linear) polarization direction. The laser beam was focused onto the molecular beam using a 20 cm focal length cylindrical lens to avoid power broadening of the spectrum. A wavemeter (High Finesse, WS-7) was used to continuously monitor the wavelength and laser bandwidth (<0.1 cm-1 at 320 nm) during laser scans. In addition, the well-known REMPI spectra156, 157 of ND3 and NH3 were recorded simultaneously without a mass gate for addi-tional calibration. All excitation energies discussed in this work are given in vacu-um wave numbers. We estimate an uncertainty of ~0.3 cm-1 in the two-photon energy, and an uncertainty of ~20% in relative peak heights of the REMPI spectra.  The signal is recorded as the number of ion events recorded within a chosen spatial region on the imaging detector where the NHD2 cation signal is velocity mapped. In order to avoid under-counting nearly overlapping events the ion lens was set slightly off the perfect velocity mapping conditions to expand the signal region to an area of ~3x3 mm2, or roughly 160x160 pixels with event counting resolution. Outside this region a weak signal due to thermal molecules is also ob-servable. The spectrum intensity is presented in a linear scale; the scan step size is 0.001 nm/step (the fundamental output of dye laser), and the signal averaged for 100 laser shots (10 shots/sec) per step. The highest intensity in the spectrum cor-responds to ~104 events, or roughly 100 ions per laser shot.  
6.3 Previous work on degenerate electronic states with 
partially isotopic substitution The 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ state of ammonia is electronically degenerate as the Rydberg electron occupies the degenerate 3px,y orbitals in the plane of the molecule. This has several important consequences for the energy levels of this state. Firstly, the state is sub-ject to the Jahn-Teller effect, which manifests itself in shifts and splitting of the 
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vibrational energy levels157 of the order of 100 cm–1. The effect is relatively small for this state as the active orbital is a Rydberg orbital, so it should be considered as a dynamic, rather than a static Jahn-Teller effect. The distortion is sufficiently small that the state has significant electronic angular momentum, which can be seen directly in the large Zeeman effect of the state156 and also in the rotational Hamil-tonian which contains two significant terms (the parameters ζ and q) involving the electronic angular momentum. These effects are reasonably well understood in ammonia, but an interesting question that has not been addressed is what happens to these effects following partial isotopic substitution. The electronic potential energy surfaces should be unchanged, but the effective vibrational and rotational Hamiltonian and energy levels on these surfaces will necessarily change radically. The degenerate symmetry is formally broken, and there are in principle two sepa-rate electronic states, each with their own vibrational and rotational constants. In practice these electronic states are likely to be nearly degenerate, and significant mixing between electronic states is to be expected, arising out of terms involving the electronic angular momentum, which is normally ignored for non-degenerate states. Perturbations or other anomalies are thus to be expected in the observed spectra. In this chapter we concentrate on the rotational structure, as the Franck-Condon factors for the B-X transition mean it is not easy to excite the degenerate vibrations where the residual Jahn-Teller effects would be clearest. There are three cases in the literature where the rotational structure in degenerate electronic states has been considered in the presence of partial isotopic substitution. The first of these is by Yu et al164, who took rotational resolved spectra in a molecular beam 
of the A� 2A2′′–X� 2E1′′ transition in the substituted cyclopentadienyl radicals C5H4D and C5D4H. They observed a splitting of the ground E1′′ level into two vibronic lev-els, separated by ~9 cm-1 in both cases, though with opposite sign. The rotational structure of the substituted species was essentially that of a normal asymmetric top, though the C rotational constants of the two states were shown to be signifi-cantly affected by the interactions between the two states. They also developed an appropriate rotational Hamiltonian and developed a perturbation theory expres-sion to account for the changes in the rotational constants. The methods used by Yu et al. are reasonably close to that required for ammonia, and the derivation given in this chapter is similar to theirs. One significant difference is that the rota-tional constants for the cyclopentadienyl radical are rather smaller (< 0.3 cm-1) than for ammonia, giving rotational spacings much smaller than the splitting measured between the notionally degenerate electronic states, so perturbation 
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theory gave good results and the analysis could be expressed in terms of a stand-ard Hamiltonian. Another relevant study in the literature is work on partially deuterated CH3O in 
its ground X� 2E electronic state. This is more complicated than the case considered in this chapter, as spin orbit effects must be included, and the principal inertial axes rotate on partial isotopic substitution. A rotational Hamiltonian was devel-oped for this case by Melnik et al.,165 and followed up by experimental measure-ments on the rotational structure.166 They found a splitting of the degenerate elec-tronic state of ~45 cm–1 for CH2DO and CD2HO, again with opposite signs as for the cyclopentadienyl radicals, and gave a detailed discussion of the parameters re-quired to model the spectra. In this case, the rotational constants are rather larger (~3 cm–1) than in the cyclopentadienyl case, and this, together with the large elec-tron spin effects, including spin orbit coupling, means that perturbation theory was not adequate and an elaborate Hamiltonian with many extra parameters was re-quired to fit the spectrum. Also worthy of note is work on the rotational structure of various asymmetri-cally substituted isotopologues of CH4+ 167 using zero-kinetic-energy photoelectron spectra. For CH4+ the Jahn-Teller effect is relatively large, with the orbital angular momentum largely quenched and some isotopologues at least are best pictured as having some short and some long bonds. A somewhat different approach was therefore used in interpreting the data, based on a rigid rotor model with rotation independent tunnelling interactions added. In this chapter we develop the basic ideas required to interpret the spectrum of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ state of NH2D and NHD2, and provide an initial model for these systems. We then demonstrate the effectiveness of the model with some data for a range of vibrational states for NHD2. The system studied here is intermediate in complexity between C5H5 and CH3O, in that the interaction between states is sufficiently large that perturbation theory is not sufficient to calculate the energy levels, and the appearance of the spectrum is significantly affected by the interactions between states. 
6.4 Prediction of Rotational Constants It is now possible to make some predictions of the rotational constants and per-turbations, given the known information for NH3 and ND3. The detail information about choice of axis systems, wavefunctions and the Hamiltonian can be found in 
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our (2+1) REMPI paper of NHD2.168 The first requirement is the geometry; the rota-tional constants show a strong dependence on ν2156 and a smaller and erratic de-pendence on ν3 and ν4. (There is no information on levels with ν1 > 0.) We thus chose to extrapolate the constants to ν2 = –½, and ignore the dependence on the other modes. Given B and C for NH3 and ND3 extrapolated in this way it is possible to derive four independent values for the N-H bond length, and they are all in the range 1.03-1.04 Å. This suggests the bond length derived in this way for the B state is physically meaningful, and can be used to estimate rotational constants for the other isotopologues, as shown in Table 6.1. 
Table 6.1 Rotational Constants for the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ state of ammonia used for initial fits of the spectra  NH3  ND3  NH2D NHD2 NHD2  Esta Obsb Esta Obsb Esta Esta Obsc A     10.42 8.03 8.22 B 10.42 10.75 5.21 5.33 6.40 5.21 5.46 C 5.21 5.13 2.61 2.60 3.96 3.16 3.17 -2Cζ  -8.47  -4.25 -6.51 -5.91 -5.26 “q”  0.965  0.525   0.61 a Estimated assuming a bond length of 1.034 Å. b From Ashfold et al. (1988), extrapolating to ν2 = –½. C This work, extrapolating to ν2 = –½. 
6.5 Results and analysis Figure 6.5.2(a) shows a low temperature (~8 K) (2+1) REMPI spectrum of the origin band of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ Rydberg for NHD2. At this temperature the spectrum is dominated by the two possible transitions from the lowest level in the ground state, 000, specifically 211 - 000 for the A2 component, and 221 - 000 for the B1 compo-nent, using the standard asymmetric top notation (J, Ka, Kc; with axes for NHD2 given in Figure 6.5.1). This gives an immediate estimate of the splitting between   
 
Figure 6.5.1 The location of the principal inertial axes in the B�  state of NH2D and NHD2. The c/z axis is perpendicular to the plane in both cases. This axis choice corresponds to a type IIIr representation for NH2D and IIIl for NHD2. 
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Figure 6.5.2 Experimental spectrum (top) and various simulations of the origin band of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ – 
X� 1A1' two-photon transition in NHD2.  the two components, 30 cm–1. Using the estimated rotational constants from Table 6.1, assignment and consequent fit of the spectrum is straightforward. The selec-
tion rules for the transition moment components, ΔKa odd, ΔKc odd for T(2,1) for the A2 component and ΔKa even, ΔKc odd for T(2,–1) for the B1 component make 
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the assignment of the electronic states unambiguous. Table 6.2 presents the results of four alternative fits to the assigned lines. Fit I is a fit to two independent stand-ard asymmetric top Hamiltonians, with no interaction between the two states. This gives a reasonable fit to the line positions, with the average of the rotational con-stants close to the predicted values, though with significant differences between the values for the two states, particularly for C. Fit II presents an alternative fit, introducing the Coriolis interaction between the two states fixed at the value pre-dicted in Table 6.1 and allowing the l-doubling equivalent, q to float. This gives a significantly improved fit (0.17 cm–1 compared with 0.41 cm–1), and the C rotation-al constants are now rather closer together. Fit III presents an alternative fit, in which both the interaction parameters are allowed to float, but the two C values are constrained to be identical. This gives a similar quality of fit to fit II. Fit IV re-moves the constraint of identical C values, allowing all upper state parameters to float. While this fit converges the overall quality of fit is not improved, and there is significant correlation between the two C values and 2Cζ.  Comparing the fits suggests that the interaction between the near degenerate states must be included to give a good model of the spectrum, and this is confirmed by the comparing simulations under various assumptions as to the transition mo-ments. Figure 6.5.2 shows the experimental spectrum (top trace), and a simulation including no interaction (Fit I, trace (b)), with interaction (Fits II/III/IV, trace (c)) and including interaction but with the relative signs of the transition moments reversed (trace (d)). Note that Fits II, III and IV give essentially identical simula-tions. Looking at the two strongest peaks in particular it is clear that mixing with the predicted sense is required to give something approaching the observed inten-sity ratio; allowing no mixing between the states, or the wrong sign of mixing gives significantly worse results. This is a classic example of an interference effect; the two transition moments give two routes to the same final state in the presence of mixing between the states. Both constructive and destructive interference is possi-ble, with the degree depending on the separation between the two states. For sep-arations around zero, the model predicts that intensity is concentrated entirely in one peak with the second peak becoming very weak. Similar spectra at slightly higher (15-25 K) temperature were also taken for 
𝜈𝜈𝜈𝜈2
′ = 1 − 6, and using the origin band assignment as a starting point, fitting the all the spectra was straightforward. We chose to use the fit III model throughout (con-straining the two C rotational constants to be the same, and floating the interaction parameter) in preference to fit II or IV, as fit III does not require any arbitrary pa-
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rameters and fit IV had undesirable correlations, giving convergence problems for some states. The experimental spectra and simulations are presented in Figure 6.5.3, and the constants in table 6.3. These show clearly that the fit to all of the spectra are good, and the constants all follow a smooth trend with ν2 (plotted in Figure 6.5.4).  The larger uncertainties for 𝜈𝜈𝜈𝜈2′ = 6 are due to a lower quality spectrum and to few-er lines in the fit, as the separation between the two states has dropped to a suffi-ciently small value (16 cm–1 compared to a mixing parameter of -5.42K) that lines to the higher frequency A2 component have become very weak. With the exception of the smallest term, q, the rotational constants all show a smooth trend with 𝜈𝜈𝜈𝜈2. Furthermore, the average of the rotational constants of the two states is consistent with those obtained from a simple rigid rotor model (Table 6.1). The derivation of the Hamiltonian168 suggested that some of the terms would alter the effective values of the rotational constants, and this is clearly happening, particularly for the A rotational constant where the difference between the con-stants is large. Furthermore the Coriolis like term, -2Cζ, can be predicted with good accuracy (~10%) from the corresponding term in ND3 and NH3, confirming that the rigid rotor model is giving a good starting point.   
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Figure 6.5.3 Experimental spectrum (normal) and simulated spectra (inverted) for 𝜈𝜈𝜈𝜈2' = 1-6 for the 
B� 1E" – X� 1A1' transition in ND2H with the molecular beam rotational temperature around 15-25 K.   
Thesis Ashim Saha tabs Vx.indd   108 24-5-2018   11:00:15
6 
Ta
bl
e 
6.
2 Comp
ar
is
on
 o
f f
it
s 
to
 th
e 
lo
w
 te
m
pe
ra
tu
re
 (
8 
K
) 
sp
ec
tr
um
 o
f t
he
 o
ri
gi
n 
ba
nd
 o
f t
he
 B
�1 E" – X
�1 A 1' tra
nsition
 in NHD
2. 
 
Estima
ted Fi
t I 
 Fit 
II 
 Fit 
III 
 Fit 
IV 
 
 (Table
 1) A 2
 
B 1 
A 2 
B 1 
A 2 
B 1 
A 2 
B 1 
Origin 
 
59349.
18(16)
 593
14.34(
14) 5
9349.4
08(76)
 593
14.261
(69) 
59349.
390(77
) 593
14.282
(69) 
59349.
411(78
) 593
14.252
(76) 
A 
8.03 
8.437(
29)    
7.507(
12)    
8.388(
16)     
7.668(
11)     
8.377(
16)     
7.653(
11)     
8.391(
17)     
7.671(
14)     
B 
5.21 
5.206(
29)    
5.510(
17)    
5.092(
14)     
5.538(
10)     
5.112(
15)     
5.556(
11)     
5.087(
18)     
5.535(
14)     
C 
3.16 
3.894(
51)    
2.550(
19)    
2.951(
25)     
3.396(
12)     
 3.1
67(12)
 
2.905(
115)    
3.448(
128) 
2C
ζ –5
.91 
0a 
-5.91a  
 -5.
264(50
) 
-6.035(
297) 
q 
 
0a  
0.480(
22) 
 0.4
81(22)
  
0.480(
23)   
σ
  
0.41 
0.17 
0.18 
0.17 
n obs 
 
25 
30 
25 
30 
25 
30 
25 
30 
a  Fixed
; Units 
are cm
–1  
Ta
bl
e 
6.
3 Rotat
ional C
onstan
ts for th
e ν 2' pr
og
re
ss
io
n 
of
 t
he
 B
�1 E" – X
�1 A 1' tra
nsition
 in NHD
2 
 
 
ν 2 = 0  
ν 2 = 1 
ν 2 = 2 
ν 2 = 3 
ν 2 = 4 
ν 2 = 5 
ν 2 = 6 
A 2 
Origina
 593
49.390
(77) 
60108.
989(46
) 
60896.
063(56
) 
61704.
570(37
) 
62531.
037(47
) 
63370.
349(52
) 
64221.
66(24)
 
 
A 
8.377(
16)     
7.9669
(57)    
7.572(
13)     
7.0953
(85)    
6.700(
13)     
6.3248
(66)    
6.001(
45)    
 
B 
5.112(
15)     
5.0153
(91)    
4.9135
(81)    
4.7497
(64)    
4.5855
(87)    
4.5054
(92)    
4.427(
62)    
 
n obs 
25 
31 
29 
42 
25 
28 
7 
B 1 
Origina
 593
14.282
(69) 
60076.
860(57
) 
60866.
747(58
) 
61678.
253(38
) 
62507.
766(53
) 
63350.
430(64
) 
64205.
74(20)
 
 
A 
7.653(
11)     
7.3132
(79)    
6.999(
11)     
6.6620
(55)    
6.328(
11)     
6.026(
11)     
5.651(
46)    
 
B 
5.556(
11)     
5.3802
(80)    
5.2264
(88)    
5.0487
(63)    
4.917(
13)     
4.7782
(95)    
4.678(
61)    
 
n obs 
30 
22 
28 
37 
33 
34 
10 
Both 
C 
3.167(
12) 
3.1594
(67) 
3.2191
(48) 
3.2350
(47) 
3.2527
(63) 
3.2787
(55) 
3.190(
70) 
 
2Cζ 
-5.264(
50) 
 -5.282
(29) 
-5.273(
21) 
-5.332(
18) 
 -5.405
(20) 
-5.385(
23) 
-5.39(1
4) 
 
q 
0.481(
22)  
 0.409(
16)  
0.353(
21)  
0.3097
(97) 
 0.309(
28)  
0.192(
37)  
0.30(1
2)  
σ
  
0.18 
0.12 
0.12 
0.12 
0.12 
0.13 
0.24 
a  Units 
are cm
–1 ; Erro
r show
n is fro
m qual
ity of fi
t; a sys
tematic
 error o
f the or
der of 0
.5 cm–1
 is also
 possib
le. 
97 
REMPI of NHD2 via the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′-state 
Thesis Ashim Saha tabs Vx.indd   109 24-5-2018   11:00:16
Chapter 6 
98 
The electronic degeneracy is lifted by a relatively small amount, 35 cm–1 for the origin band dropping to 16 cm–1 at ν2′ = 6. The origin of this spitting must neces-sarily come from the vibrational and rotational terms in the Hamiltonian, given the mass independence of the electronic part. Equation 27 [ref 168] predicts a splitting of ~3 cm–1 from a purely rotational term, but this is clearly insufficient to account for the observed splitting. We would also expect the Jahn-Teller terms to contrib-ute to this splitting; the simple vibrational terms cannot contribute to this splitting as they are necessarily identical for the two states. We do not develop the theory here, but an effect an order of magnitude larger than the rotational effect does not seem unreasonable. The net splitting is still small, consistent with a small dynamic Jahn-Teller effect, which is already known from previous studies157.  
 
Figure 6.5.4 Variation of the rotational constants with ν2' for the B� 1E" – X� 1A1' tran-sition in NHD2. The ∆E curve (right axis) is the energy difference between the band origins for the two components of the notionally degenerate electronic state. Error bars are one standard deviation. 
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6.6 Conclusion In order to fully probe rotational populations in the ground state of ammonia using (2+1) REMPI, it is necessary to measure two different (𝜈𝜈𝜈𝜈 = even and odd) 𝜈𝜈𝜈𝜈2′ um-brella mode levels of the upper electronic state. The 𝐶𝐶𝐶𝐶′1𝐴𝐴𝐴𝐴1′  state is not a suitable intermediate for NHD2 or NH2D detection by the REMPI process because only its (𝜈𝜈𝜈𝜈2′, 𝜈𝜈𝜈𝜈 = 0) state shows rotational resolution. In this chapter we show that the B1E′′ state of ND2H is a suitable resonant state, providing rotationally resolved (2+1) REMPI spectra for both the zero point and the (𝜈𝜈𝜈𝜈2′ = 1 - 6) vibrational levels. REM-PI spectra in the 8-70 K rotational temperature range of the formally degenerate 
𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸"state of NHD2 have been successfully recorded and fitted, and they indicate that the degeneracy is lifted by a relatively small amount, 16-35 cm–1, depending on 𝜈𝜈𝜈𝜈2′. This splitting is sufficiently small that interactions between the two states have a significant effect on the spectrum, and a Coriolis like mixing term is essen-tial in reproducing the spectrum. With the exception of the small l–doubling term (q) the rotational constants all show a smooth trend with 𝜈𝜈𝜈𝜈2′. In a subsequent pa-per169 a more detailed Hamiltonian is used to fit spectra of the other asymmetrical-ly substituted species, NH2D. Preliminary results from these additional studies indicate the same basic model also giving good results, with typical errors of the order of the experimental linewidth.   
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Chapter 7 The Jahn-Teller effect in the presence of partial isotopic substitution: the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ state of NH2D and NHD2 
               1Adapted from: Ashim Kumar Saha, Gautam Sarma, Chung-Hsin Yang, Sebastiaan Y.T. van de Meerakker, Ad van der Avoird, David H. Parker, and Colin M. Western, PCCP, 17, 14145 (2015).   
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Abstract Rotationally resolved resonance enhanced multiphoton ionisation spectra of the 
𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ state of NH2D are presented and analysed. The analysis indicates a small (34.9 cm–1) lifting of the vibronic degeneracy of the zero point level, approximately equal in sign but opposite in magnitude to the splitting observed in NHD2 present-ed in chapter 6 of this thesis. This observation is consistent with previous meas-urements on systems with partial isotopic substitution subject to a mild Jahn-Teller effect. A model is developed to calculate the splitting induced by asymmetric isotopic substitution of a degenerate electronic state, based on a harmonic force field with linear and quadratic Jahn-Teller terms added. The force field is devel-oped in internal co-ordinates to allow the same parameters to be used to calculate the pattern of vibronic levels for all four isotopologues. The lifting of the degenera-cy of the zero point level on asymmetric substitution comes from the quadratic Jahn-Teller effect; the linear term does not lift the degeneracy.   
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7.1 Introduction The Jahn-Teller effect is an important consideration in understanding the structure and spectroscopy of degenerate electronic states. If strong (also known as a static Jahn-Teller effect) the geometry of the molecule changes to break the symmetry. We are focussing here on the dynamic Jahn-Teller effect, where the energy shifts are smaller, typically less than the zero point energy, and thus where the sym-metry of the molecule is essentially maintained (or at least gives the best starting point for modelling). To interpret spectra additional terms in the effective Hamil-tonian are required to account for the Jahn-Teller effect giving shifts and splittings in both the vibrational and rotational energy levels. These terms are reasonably well understood, (see for example a review by Barckholtz and Miller170) though examples of full rotational analysis are relatively rare in the literature. In this chap-ter we look at the additional complications introduced in the presence of partial isotopic substitution. This breaks the symmetry of the vibrational and rotational terms, but must leave the electronic symmetry unbroken. To understand the re-sulting energy level pattern requires additional terms above the standard vibra-tional or rotational Hamiltonian and this chapter seeks to understand these by a combination of experimental measurements on a reasonably well understood sys-tem and theoretical considerations of the simplest linear and quadratic terms in the potential. 
The system looked at here is the electronically degenerate B� 1E′′ state of ammo-
nia for which the B� 1E′′ –X� 1A1′ transition gives strong resonance enhanced mul-tiphoton ionization (REMPI) spectra and is a prototypical example of a system with a mild Jahn-Teller effect. It is also an important transition in its own right, as it has become a standard system for probing rotational states of ammonia in the labora-tory, as for example in a recent study on ND3-He collisions presented in chapter 3 of this thesis and in cold molecule work such as that by Twyman et al171. 
The B� 1E′′ state is planar and the degeneracy arises from the 3px,y Rydberg or-bital in the plane of the molecule, and so the Jahn-Teller effect is relatively weak, giving vibrational energy level shifts172 of the order of 100 cm–1. The rotational structure can be understood in terms of a standard symmetric top with two addi-
tional terms in the rotational Hamiltonian (ζ and q)173 arising from a significant residual electronic angular momentum. This electronic angular momentum (al-most one unit) also means the state shows a significant Zeeman effect. The rota-tional and vibrational structure is reasonably well understood for both NH3 and ND3, but partially isotopically substituted species have not been investigated in any 
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detail. In chapter 6 of this thesis we looked at resonance enhanced multiphoton ionisation spectra of NHD2. Formally this molecule has C2v symmetry, and is thus an asymmetric top with no degenerate vibronic states possible but, as discussed above, the degeneracy is only lifted at the vibrational and rotational level. Our analysis of observations indicated that the zero point level was best understood in terms of two closely spaced vibronic states with symmetries A2 and B1 that corre-late with E′′ in D3h. The separation is only 35.1 cm–1, so the additional terms (ζ and 
q) present in the symmetric top Hamiltonian for NH3 and ND3 are required to model the rotational structure, but transformed to perturbation terms mixing the two states. The terms mixing the vibronic states are only of the order of magnitude of rotational terms, but because the states are so close together the spectra cannot be effectively modelled without them. There have been few comparable studies in the literature; perhaps the most closely related is work Yu et al174 on the X� 2E1′′ state of C5H4D and C5D4H. These spectra were modelled as simple asymmetric tops, with the Jahn-Teller terms ac-counted for using perturbation theory working through to anomalous values of the rotational constants. The splittings of the zero point levels were approximately equal in magnitude (~9 cm–1) but opposite in sign for the two isotopologues. A similar pattern of splittings was observed by Melnik et al165, 175 in the X� 2E state of CH2DO and CD2HO though the rotational analysis was more complicated than that considered here due to the presence of significant spin-orbit coupling. There has been correspondingly little theoretical work on asymmetrically isotopically substi-tuted Jahn-Teller systems though there is one particularly relevant recent paper by Iwahara et al.176 This chapter showed that vibronic levels of a degenerate electron-ic state remain degenerate upon arbitrary isotopic substitution, even in the pres-ence of a linear Jahn-Teller effect. For the current work, this implies we must con-sider both linear and quadratic Jahn-Teller terms. In this chapter we present a set of spectra of the B� 1E′′ state of NH2D to comple-ment our earlier spectra of NHD2, and then look at relating the Jahn-Teller effects in all four isotopologues by developing a simple model for the force field in internal coordinates that can be applied without adjustment to all four species. 
7.2 Experimental 
Spectra of the B� 1E′′ –X� 1A1′ transition in NH2D were recorded using resonance en-hanced multiphoton ionization spectroscopy (REMPI) in a molecular beam, using 
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the method described in chapter 6 of this thesis. This gave rotationally resolved spectra with an effective rotational temperature of 3–90 K, that could be varied by adjusting the expansion conditions. 
7.3 Prediction of Rotational Constants The spectra taken covered 7 members of the bending progression (v2), starting with the origin band. Typical spectra of the first 6 bands are shown in Fig. 7.3.1. All the bands showed clear rotational structure, and the observed linewidths (~0.9 cm–1) are probably limited by the laser system, and there was no indication of rotationally or vibrationally dependent predissociation at this resolution. The theory required for the rotational analysis are discussed in details in our NHD2 and NH2D REMPI papers.168, 169 To complete the model equal two photon transition moments from the ground state to each of the two excited states are assumed and, as discussed in NHD2 REMPI paper169, interference between these two has a significant effect on the pattern of observed transitions. The calculations were carried out using the PGOPHER program163. The ground state constants were taken from Fusina et al.177 
The B� 1E′′ – X� 1A1′ transition involves a change in geometry from pyramidal to 
planar, so the transition shows a progression in ν2, the umbrella mode. In the up-per state members of this progression alternate between E′′ and E′ symmetry for even and odd v2 respectively, and the selection rules mean that the lower state of the electronic transition alternates between the upper and lower tunnelling com-ponent in the ground state. As this results from levels symmetric and antisymmet-ric with respect to the plane of symmetry of the molecule, which persists for NH2D and NHD2, the same pattern of transitions is observed for all four isotopologues.   
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Figure 7.3.1 MPI spectra of the B� 1E" –X� 1A1' transition in NH2D. In each panel, the upper trace is the experimental spectrum and the lower trace is a simulation using the Hamiltonian and parameters described in the text.  Given this model the assignment of the observed spectra was reasonably straightforward, given the guidance of the fits for NHD2. Table 7.1 shows four al-ternative fits to the pair of states making up the origin band. These follow the pat-tern in the previous paper168; fit I is the simplest model, assuming two non-interacting asymmetric top states. This gives a reasonable fit, but is clearly worse than the other models, which allow for interaction between the states. Fit IV is the 
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most flexible model, adding the two interactions discussed above and allowing A, B and C for both components to float independently. This is clearly a better fit than fit I as the average error drops by a factor of two from 0.53 cm–1 to 0.24 cm–1, but there is significant correlation between the values of C between the two states, as indicated by the large error bars. Fits II and III show two alternative approaches to reducing this correlation; fit II fixes the Coriolis term at a value derived from a simple rigid rotor model (see Table 6.1 of chapter 6) and fit III instead constrains the two C values to be identical. Both these fits are as good as fit IV. The quality of the fits is similar to the corresponding fits in NHD2, and as in that case we choose to recommend fit III, as the parameters are all well determined and none are fixed.  Table 7.2 shows the results of using fit style III on the other observed bands in NH2D. Experimental spectra and simulations are shown in Figure 7.3.1. The overall quality of the fits is good, with the average errors somewhat smaller than the ex-perimental linewidth of ~0.9 cm–1. The fits for 𝜈𝜈𝜈𝜈2 = 4 and 5 were slightly worse than the others, with some lines out of position by of the order of the linewidth. 
These probably reflect interactions with other vibrational states of the B�  state; such interactions have been seen173 in ND3 and the level of vibrational excitation is such that these are to be expected. The analysis was stopped at 𝜈𝜈𝜈𝜈2 = 5; some peaks were seen in the region of 𝜈𝜈𝜈𝜈2 = 6, but a complete analysis was not possible because of two complicating factors. Firstly the origin band of the C' state178 is in this region and secondly the interference between the two transition moments has become sufficiently large that transitions to one of the components becomes very weak. These factors combined meant it was not possible to produce a convincing analysis of the observed spectra for 𝜈𝜈𝜈𝜈2 = 6. Table 7.3 shows the corresponding constants in NHD2; this is essentially the same as found in chapter 6 of this thesis but a better set of ground state constants has been used for these fits. (The changes are minor – mainly a 0.17 cm–1 shift in the band origins.) Comparing these tables indicates very similar trends in for both species – a sensible trend in all of the constants apart from q, which is not always well determined. Both species show a consistent difference between A and B for the two components, with the average for the origin band close to the value pre-dicted from a simple rigid rotor model. The splitting between the two components of the origin band is very close for the two states (34.86 cm–1 for NH2D against 35.11 cm–1 for NHD2) but opposite in sign, with the A2 component at lower energy for NH2D and the B1 component lower for NHD2. The similar pattern of results gives further confirmation of the rotational analysis for these two species. 
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7.4 Conclusion 
The model developed to analyse the rotational structure in the B� 1E′′ state of NHD2 has been successfully applied to NH2D, and confirms the validity of the model, and that for cases of a mild Jahn-Teller effect the formal lifting of the degeneracy by partial isotopic substitution leaves significant terms in the Hamiltonian mixing the two components of the state that must be included for a satisfactory simulation of the rotational structure. The observation of approximately equal but opposite splittings in the zero point level for complementary isotopic substitution (here NH2D compared to NHD2) seen before in the literature is further reinforced here. We present a method169 of calculating this from the Jahn-Teller parameters from any one isotope, though we are limited from quantitative agreement here by a lack of a full knowledge of the required Jahn-Teller parameters. This limitation also applies to our calculation of the rotational constants, which are affected by the Jahn-Teller effect. Our analysis confirms the result of Iwahara et al.176 that the zero point splitting must come from quadratic or higher Jahn-Teller effects and a linear term is not sufficient to break the symmetry. This is not clear from previous literature analysis of such splittings, which have concentrated on Jahn-Teller active modes that would not be expected to change on isotopic substitution. More recent studies have also concentrated on using properties derived from ab initio calculations on only the lowest of the pair of surfaces to predict this splitting, but it is difficult to have con-fidence that ignoring the other surface will give correct results, especially given the separation is rather less than the zero point energy. It would be interesting to use 
ab initio methods to explore both surfaces for this and related cases, though care is likely to be required to avoid artefacts arising from the closely spaced surfaces.   
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Chapter 8 Vacuum Ultraviolet (VUV) (1 + 1′) Resonance Enhanced Multiphoton Ionization (REMPI) spectroscopy of NHD2 and NH2D via the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′Rydberg state 
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Abstract Here we present the (1+1′) VUV REMPI spectra with assignments for transitions from 𝜈𝜈𝜈𝜈2′=0 in the ground electronic state to the relatively high 𝜈𝜈𝜈𝜈2′ = 5, 6, 7 vibra-tional states of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ Rydberg state of NHD2 (𝜈𝜈𝜈𝜈2′ = 6, 7) and NH2D (𝜈𝜈𝜈𝜈2′ = 5, 6). Tunable VUV in the range of 150 to 154 nm was produced by resonant four-wave difference frequency mixing (4WDFM) in Xe, and the residual 250 nm light from the 4WDFM process causes the ionization step. Rotationally resolved spectra of NHD2 and NH2D are presented and the rotational assignments are discussed. With (1+1′) REMPI it is not necessary to focus the laser beam as in (2+1) REMPI; the larger probe volume is an added advantage to characterize the absolute total cross sections of astrophysically relevant NHD2 and NH2D in crossed molecular beam scattering experiments.    
Ashim Kumar Saha   
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8.1 Introduction REMPI spectroscopy of individual ro-vibronic states of a molecule is an important and well-established method to investigate molecular structure and dynamics processes such as photoionization, inelastic collisions, and reactions. REMPI stud-ies have been performed in ND3 by many workers, particularly Ashfold et al.45, 46, 153, 159, 179, which reveals a wealth of detailed information related to the energetic ordering of Rydberg states in these kind of small molecules. After Colson’s work on VUV REMPI and absorption spectra of NH3 and ND3147, 155, 180, 181, studies have at-tempted to refine the spectroscopic analysis of these molecules.156 Our main interest in REMPI of the ammonia isotopologues is to facilitate inelas-tic scattering studies of these astrophysically relevant molecules. A study to char-acterize the (2+1) REMPI process of NHD2 and NH2D has been recently performed in our group168, 169, where it was shown that REMPI via the 𝐵𝐵𝐵𝐵� -state instead of 𝐶𝐶𝐶𝐶′-state is most suitable for rotationally inelastic scattering studies. Parameters for the NHD2 isotopologue were calculated for use in a standard PGOPHER44 simula-tion program, so that suitable transition line free of significant overlap for a series of rotational levels could be identified. However, one of the major disadvantages of the (2+1) REMPI process for crossed beam scattering experiments is that we need to focus the ionization laser in the molecular beam to cause simultaneous absorp-tion of multiple photons. As a consequence, the ionization volume is small com-pared to the volume where scattering event takes place. By probing the molecules by a (1+1′) REMPI process, we can keep the ionization volume larger, which en-hances weak signals. Moreover, as we can probe larger scattering volumes, the density to flux conversion for image analysis is less critical, hence making the abso-lute cross section measurements more accurate. Absolute cross sections are not yet achievable, mainly because the molecular beam densities are not known accu-rately enough.  Third-order nonlinear four-wave frequency mixing in gaseous media has prov-en to be one of the most powerful methods to generate VUV light182, 183. The two-photon resonance enhanced four-wave mixing (TPR-FWM) process in Xe has been well studied in the past182, 184. Xe has readily available appropriate energy levels that can be accessed by two-photon excitations using the output from commercial dye lasers. In this work, tunable VUV radiation around 150 to 154 nm was pro-duced by resonant four-wave difference frequency mixing (4WDFM) in Xe gas. In this chapter, we present (1+1′) VUV REMPI of NHD2 (𝜈𝜈𝜈𝜈2′ = 6, 7) and NH2D (𝜈𝜈𝜈𝜈2′ = 5, 6) depending on the VUV laser radiation available favored by a suitable VUV win-
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dow in Xe as well as the maximum gain profile of the laser dye.  In addition, the Franck-Condon envelope for the B—X transition is optimal for these vibrational levels. 
8.1.1 Resonant Four-wave mixing in Xe Four-wave mixing (FWM) is a third-order non-linear effect, where interaction between three wavelengths takes place to produce a fourth wavelength. In non-linear optics, frequency mixing is a general & important phenomenon. In linear optics, polarization is linearly proportional to the electric field and non-linearity is the consequence of higher order susceptibility. The polarization P induced by the incident electric field Ei is given by   𝑃𝑃𝑃𝑃 = 𝜒𝜒𝜒𝜒(1)𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖 + 𝜒𝜒𝜒𝜒(2)𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖2 + 𝜒𝜒𝜒𝜒(3)𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖3 8.1 Where 𝜒𝜒𝜒𝜒(𝑛𝑛𝑛𝑛) = nth order susceptibility. The lowest order nonzero susceptibility term responsible for third harmonic generation is 𝜒𝜒𝜒𝜒(3).  
 
Figure 8.1.1 Phase matching diagram for VUV production  For VUV generation, if the fundamental beam is focused, the three unit vectors ei shown in Fig. 8.1.1 will have slightly different directions. From the conservation of wave vector momentum we can derive following phase matching relation,  𝑘𝑘𝑘𝑘(3𝜔𝜔𝜔𝜔)𝑒𝑒𝑒𝑒4 = 𝑘𝑘𝑘𝑘(𝜔𝜔𝜔𝜔)𝑒𝑒𝑒𝑒1 + 𝑘𝑘𝑘𝑘(𝜔𝜔𝜔𝜔)𝑒𝑒𝑒𝑒2 + 𝑘𝑘𝑘𝑘(𝜔𝜔𝜔𝜔)𝑒𝑒𝑒𝑒3 8.2  𝑘𝑘𝑘𝑘(𝜔𝜔𝜔𝜔) = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋(𝜔𝜔𝜔𝜔)/𝜆𝜆𝜆𝜆0 8.3 Where 𝑘𝑘𝑘𝑘 is wave vector, 𝜆𝜆𝜆𝜆0is vacuum wavelength of pump beam and 𝜋𝜋𝜋𝜋 is the re-fractive index of the medium. If we look at the magnitude of wave vector in Fig. 8.1.1, 𝑘𝑘𝑘𝑘(3𝜔𝜔𝜔𝜔) must be less than three times 𝑘𝑘𝑘𝑘(𝜔𝜔𝜔𝜔). Therefore phase matching is achieved when,  Δ𝑘𝑘𝑘𝑘 = 𝑘𝑘𝑘𝑘(3𝜔𝜔𝜔𝜔) − 3𝑘𝑘𝑘𝑘(𝜔𝜔𝜔𝜔) < 0 8.4 
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To satisfy this Δ𝑘𝑘𝑘𝑘 negative condition, we need to use negative dispersive media where refractive index will satisfy this condition. But at the same time the re-quirement of negative dispersion limits the choice of media for VUV generation.  
 
Figure 8.1.2 Energy level scheme of Xenon for the FWDM process  Fig. 8.1.2 shows energy level scheme of Xenon for the FWDM process. In FWDM, signals arise when three input fundamental photons from two lasers, one at fre-quency 𝜔𝜔𝜔𝜔1, and the other at frequency 𝜔𝜔𝜔𝜔2, are used to produce a fourth output photon at the difference frequency (𝜔𝜔𝜔𝜔3). We use dye laser output fixed at 249 nm (𝜔𝜔𝜔𝜔1) combined with tunable radiation around 600 nm (𝜔𝜔𝜔𝜔2) to produce tunable VUV (𝜔𝜔𝜔𝜔3) light around 155 nm using four-wave mixing technique. Two photons at 249 nm resonantly excites Xe and the VUV output is produced such that 
𝜔𝜔𝜔𝜔3 = 2 ∗ 𝜔𝜔𝜔𝜔1 − 𝜔𝜔𝜔𝜔2. 
8.2 Experimental   In Fig. 8.1.3 schematic diagram for VUV generation using four-wave mixing in Xe is shown. The 355 and 532 nm output from an Nd:YAG laser (Continnum Powerlite 9010) were used to pump two dye lasers, a Scanmate and a Fine Adjustment, re-spectively. The fundamental output from the Scanmate, using a Coumarin 307 dye, was frequency doubled in a BBO crystal to produce the UV photon near 250 nm 
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with an energy output of 6 mJ/pulse. The UV wavelength was tuned to one of the three 5p–6p two-photon resonance positions of Xe atoms. The other dye laser, the Fine-Adjustment, produced visible photons tunable in a region of 590–680 nm prepared by using R610, R640 and DCM dyes. The two beams were combined at a 248 dichroic mirror transparent to visible light and both beams subsequently fo-cused into the Xe gas contained in a stainless steel cell with a plano-convex lens of focal length 100 mm. A lens of focal length f = 1500 mm is placed 1000 mm away from the stainless steel cell to collimate only the visible light so that 249 nm and 600 nm will focus at the same point inside the cell.  
 
Figure 8.1.3 Schematic diagram for VUV production  The ion detection part of the setup is described in chapter 2 of this thesis. In short, we have a standard velocity map imaging ion optics that projects the laser ionized atoms/molecules to a two dimensional micro channel plate-phosphor screen de-tector and finally the ion events on Phosphor screen are recorded by a CCD cam-era. To avoid multiple ions to record a single event on the detector for spectrosco-py scans, we operated the ion optics in spatial mapping conditions and kept the ion signal very low, just enough to get the spectrum with good signal to noise ratio. 
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8.3 Results The experimental spectra and simulations in Fig. 8.1.4 and Fig. 8.1.5 show the VUV (1+1′) REMPI scans of the X(𝜈𝜈𝜈𝜈 = 0) to B(𝜈𝜈𝜈𝜈) transition, for 𝜈𝜈𝜈𝜈2′ = 6 & 7 for NHD2 and 
𝜈𝜈𝜈𝜈2
′ = 5 & 6 for NH2D, respectively. REMPI spectra of 𝜈𝜈𝜈𝜈2′ = 6 for NHD2 and 𝜈𝜈𝜈𝜈2′ = 5 for NH2D have been fitted using rotational constants from our previous published (2+1) REMPI papers168, 169. The Pgopher simulation for different fits for NHD2 and NH2D are discussed in detail in chapter 6 and 7 of this thesis. Using these known rotational constants, we can fit most of the measured (1+1’) peaks using the Pgo-pher simulation for NHD2 (𝜈𝜈𝜈𝜈2′ = 6) and NH2D (𝜈𝜈𝜈𝜈2′ = 5), apart from little variations in some peak intensities. We have also tried to fit the higher v states for both NHD2 (𝜈𝜈𝜈𝜈2′ = 7) and NH2D (𝜈𝜈𝜈𝜈2′ = 6), which were not measured by (2+1) REMPI in our pre-vious work.168, 169 From our preliminary fitting of these new spectra we can see that the fitting is not yet very good. Based on our Pgopher simulation, our current speculation is that there may be contributions from 𝐶𝐶𝐶𝐶′ states for these higher vi-brational states, which need to be consider in our simulation. Further development on this work is still going on in order to fit the higher vibrational spectra. The rota-tional constants for these transitions are provided in table 8.1 for NHD2 (𝜈𝜈𝜈𝜈2′ = 6 and 7) and for NH2D (𝜈𝜈𝜈𝜈2′ = 5 and 6) in table 8.2, and from these imperfect fits we can safely identify transitions used to probe inelastic scattering to low rotational levels.   
   
Figure 8.1.4 Experimental spectrum (normal) and simulated spectra (inverted) for 𝜈𝜈𝜈𝜈2′ = 6, 7 for the 
𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ − 𝑋𝑋𝑋𝑋�1𝐴𝐴𝐴𝐴1
′ transition in NHD2 with the molecular beam rotational temperature around 10-23 K.  
VUV (1 + 1′) REMPI spectroscopy of NHD2 and NH2D via the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′Rydberg state
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Figure 8.1.5 Experimental spectrum (normal) and simulated spectra (inverted) for 𝜈𝜈𝜈𝜈2′ = 5, 6 for the 
𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ − 𝑋𝑋𝑋𝑋�1𝐴𝐴𝐴𝐴1
′ transition in NH2D with the molecular beam rotational temperature around 25-60 K. 
Table 8.1 Rotational constantsa for the 𝜈𝜈𝜈𝜈2′ progression of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ − 𝑋𝑋𝑋𝑋�1𝐴𝐴𝐴𝐴1′ transition in NHD2  Origin A B C 2Cζ q σ 
𝜈𝜈𝜈𝜈2 = 6 A2 64221.66(24) 6.001(45) 4.427(62) 3.190(70) -5.39(14) 0.30(12) 0.24 B1 64205.74(20) 5.651(46) 4.678(61) 
𝜈𝜈𝜈𝜈2 = 7 A2 65085.52 5.659 4.391 3.1 -5.41 0.30  B1 65071.58 5.351 4.316 a Units are cm–1 
Table 8.2 Rotational constantsa for the 𝜈𝜈𝜈𝜈2′ progression of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ − 𝑋𝑋𝑋𝑋�1𝐴𝐴𝐴𝐴1′ transition in NH2D  Origin A B C 2Cζ q σ 
𝜈𝜈𝜈𝜈2 = 5  A2 63685.87(27) 7.662(64) 6.214(66) 4.073(23) -6.57(10) 0.96(11) 0.43 B1 63707.14(20) 7.76(46) 4.678(13) 
𝜈𝜈𝜈𝜈2 = 6  A2 64616.66 7.101 5.727 4.160 -6.53 .97  B1 64636.4 7.9 5.1 a Units are cm–1 
8.4 Conclusions REMPI is the main tool to investigate any scattering process between atoms or molecules. Having a better REMPI scheme is always an added advantage. (1+1′) VUV REMPI of NH2D and NHD2 have an edge over (2+1) REMPI, since it does not require laser focusing. Hence we can probe in a larger detection volume, providing better sensitivity for the study of inelastic scattering as well as better density to flux correction. Thus we expect to obtain more accurate DCSs for these systems. We have successfully demonstrated our recent measurements of (1+1′) VUV REMPI spectra of NH2D and NHD2 via the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸"Rydberg state. These REMPI spectra have been taken in the wavelength range of 150–154 nm. Using rotational con-
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stants from (2+1) REMPI of NH2D and NHD2 we have fitted (1+1/) VUV REMPI spectra for NH2D (𝜈𝜈𝜈𝜈2′ = 5) and NHD2 (𝜈𝜈𝜈𝜈2′ = 6). We can fit most of the peak positions but there are few mismatches in the peak intensities. Currently, Pgopher simula-tion for NHD2 (𝜈𝜈𝜈𝜈2′ = 7) and NH2D (𝜈𝜈𝜈𝜈2′ = 6) spectra are under progress by the theo-retical group of our colleague Prof. dr. Colin M. Western (Bristol). This study of (1+1′) REMPI spectroscopy will provide us basis for the study of rotational energy transfer in NH2D and NHD2 using velocity map imaging technique.    
VUV (1 + 1′) REMPI spectroscopy of NHD2 and NH2D via the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′Rydberg state
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Appendix A: Rotationally inelastic scattering of NHD2 with Ar/He 
Ammonia and its mixed deuterated containing isotopologues NHD2 and NH2D have engrossed astrochemists due to their simple hyperfine patterns and its accessibil-ity to number of rotational transitions at millimeter and submillimeter wave-lengths, justifying to be useful as a tracer or thermometer of molecular gas in space.139 In order to observe the most sensitive transitions for NH3, expensive set-ups like airborne or space-based telescopes are utilized, whereas, NHD2, for exam-ple, has been observed from ground-based telescopes.139 This very reason ac-counts towards the fundamental interest and its importance, in understanding the rotational energy transfer process in NHD2, which governs the population of the excited rotational states, wherein, these fundamental aspects and its details can be observed by telescopes via their radiative emission. Figure A.1.1 shows experimental velocity map images for inelastic scattering of NHD2 with Ar at collision energy of 410 cm-1. Analysis for DCSs for this system are under progress. For ND3 scattering experiment in chapters 3 and 4, hexapole state selector has been used for state selection, whereas for NHD2 we didn’t use hexa-pole since its does not facilitate state selection for this system. From our prelimi-nary observation of these raw images with images for ND3 scattering with Ar (Fig. 4.3.2), we can say that in both cases they are all showing forward scattering. Image resolution for NHD2 is poor compared to ND3 scattering images. This may be for ND3 scattering experiment due to hexapole state selection we could prepare very pure initial state giving sharper images. However for NHD2 scattering experiment NHD2 was cooled in a supersonic expansion prior to collision with Ar and He but was not further state selected by a hexapole filter. Hence we didn’t have single rotational state in our initial state. Hence in the final state probing there are con-tributions from more than one state, causing poor image resolution.  Figure A.1.2 shows experimental velocity map images for inelastic scattering of NHD2 with He at collision energy of 430 cm-1. DCSs calculation for this system is under progress.  
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Figure A.1.1 Experimental raw image of inelastic scattering of NHD2 with Ar.  
 
Figure A.1.2 Experimental raw image of inelastic scattering of NHD2 with He     
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Appendix B: Rotationally inelastic scattering of NH2D with Ar/He 
Here we present our very recent experimental result on velocity map imaging study of rotational energy transfer in NH2D in crossed-beam inelastic scattring with scattering partner Ar and He. Figure B.1.1 shows experimental velocity map images for inelastic scattering of NH2D with Ar at collision energy of 410 cm-1. Fig-ure B.1.2 shows experimental velocity map images for inelastic scattering of NH2D with He at collision energy of 430 cm-1. Analysis for DCSs for these systems are under progress. The NH2D was cooled in a supersonic expansion prior to collision with Ar and He but was not further state selected by a hexapole filter.    
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Figure B.1.1 Experimental raw image of inelastic scattering of NH2D with Ar at collision energy 410 cm-1  
 
Figure B.1.2 Experimental raw image of inelastic scattering of NH2D with He at collision energy 430 cm-1 
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Summary 
Summary This thesis presents a study of rotational energy transfer during inelastic scatter-ing of ND3 with Ar, He and H2. Spectroscopic analysis of REMPI of NH2D and NHD2 using (2+1) and (1+1′) VUV ionization via the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′-state is also described; this will be used in the future for detailed state-to-state differential cross section (DCS) measurements, which are considered to be one of the best means to probe interac-tions between atoms and molecules. Previously in our group in Nijmegen, Dr. J. Schleipen studied state-to-state integral cross sections for rotational excitation of NH3, we have extended these studies to DCSs of ND3. In our experiments two pulsed molecular beams are crossed at right angles. The primary molecular beam contains ND3 molecules and the secondary molecular beam contains Ar, He or H2. A very pure initial rotational state preparation of the primary beam molecules is obtained by rotational cooling in a supersonic expansion into vacuum, followed by electrostatic state selection in a hexapole electric field. Rotational state analysis of the ND3 molecules, before and after the collision process is achieved by (2+1) REMPI spectroscopy combined with the velocity map imaging of the nascent rota-tionally excited molecule. In the future, it will also be useful to determine collision-induced alignment effects for inelastic scattering of ND3; this, however, will re-quired a different REMPI scheme. It will be also very interesting to study inelastic collisions of ND3 at very low collision energy; such experiments are now ongoing in the group of Prof. dr. van de Meerakker group in Nijmegen.  Chapter 2 of this thesis describes detailed information about experimental techniques used for performing the work for this thesis. Chapter 3 presents state-to-state differential cross sections for inelastic scatter-ing of ND3 with He. Experimental measurements and quantum mechanical scatter-ing calculations of DCS are found to be in very good agreement. For small changes in the j and k rotational angular momentum quantum numbers, the ND3 is predom-inantly forward scattered at a mean collision energy 430 cm-1, but the scattering shifts to the sideways and backward directions as ∆j and ∆k increase. Chapter 4 presents rotationally inelastic scattering studies of quantum-state se-lected ND3 with Ar. Rotationally inelastic scattering of ND3 with Ar is studied at mean collision energies of 410 and 310 cm-1. The angular distributions of 11− state-prepared ND3 scattered by Ar are dominated by forward scattering for all meas-
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ured final rotational and umbrella inversion symmetry states.  This outcome con-trasts with our prior studies of ND3 scattered by He, for which the DCSs are broad-er and, for higher 𝑗𝑗𝑗𝑗′, are dominated by sideways and backward scattering.  Chapter 5 presents differential cross sections for rotationally inelastic scatter-ing of ND3 with H2, measured using a crossed molecular beam apparatus with ve-locity map imaging. Fully state-to-state resolved DCSs for inelastic scattering of ND3 (𝑋𝑋𝑋𝑋�, ν = 0, 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−) with H2 at a collision energy of 580 cm-1 were compared to DCSs obtained by quantum mechanical scattering calculations performed with a previously reported ab initio PES. Chapters 6 and 7 present rotational analysis of the (2 + 1) resonance enhanced multiphoton ionization (REMPI) spectrum of the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ Rydberg state of the am-monia isotopologue NHD2 and NH2D respectively. This will help to fully probe rota-tional populations in the ground state of ammonia using (2+1) REMPI. It is neces-sary to measure two different (𝜈𝜈𝜈𝜈= even and odd) 𝜈𝜈𝜈𝜈2 umbrella mode levels of the upper electronic state for a complete probe of final quantum states. Chapter 8 presents (1+1′) VUV REMPI of relatively high vibrational state of NHD2 (𝜈𝜈𝜈𝜈2′=6, 7) and NH2D (𝜈𝜈𝜈𝜈2′=5, 6) via the 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ Rydberg state. These REMPI spectra have been taken in the wavelength range of 150–154 nm. This study of (1+1′) REMPI spectroscopy will provide us a basis for the study of rotational ener-gy transfer in NH2D and NHD2 using velocity map imaging technique.   
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Samenvatting 
Summary Dit proefschrift presenteert een studie van rotatie-energieoverdracht bij inelasti-sche botsingen van ND3 met Ar, He en H2. Spectroscopische analyse door resonan-tie-versterkte multifotonionisatie (REMPI) van NH2D en NHD2 met behulp van (2 + 1) en (1 + 1′) VUV-ionisatie via de 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ - toestand wordt ook beschreven; dit zal in de toekomst worden gebruikt voor gedetailleerde DCS-metingen (state-to-state differential cross-section), die worden beschouwd als een van de beste manieren om interacties tussen atomen en moleculen te meten. Eerder onderzocht in onze groep in Nijmegen Dr. J. Schleipen state-to-state integrale doorsneden voor rotatie-excitatie van NH3; we hebben deze studies uitgebreid naar DCS's van ND3. In onze experimenten worden twee gepulseerde moleculaire bundels onder rechte hoeken gekruist. De primaire moleculaire bundel bevat ND3-moleculen en de secundaire moleculaire bundel bevat Ar, He of H2. Een zeer zuivere initiële rotatietoestandsbe-reiding van de primaire bundelmoleculen wordt verkregen door rotatiekoeling in een supersonische expansie in het vacuüm, gevolgd door een elektrostatische toe-standsselectie in het veld van een hexapool. Rotatie-toestandsanalyse van de ND3-moleculen wordt, voor en na het botsingsproces, verkregen door (2 + 1) REMPI-spectroscopie gecombineerd met velocity map imaging (een afbeeldingstechniek van de snelheid van deeltjes) van de ontstane geëxciteerde moleculen. In de toe-komst zal het ook nuttig zijn om botsings-geïnduceerde uitlijneffecten te bepalen voor inelastische verstrooiing van ND3; dit vereist echter een ander REMPI-schema. Het zal ook erg interessant zijn om inelastische botsingen van ND3 te be-studeren bij zeer lage botsingsenergie; dergelijke experimenten zijn nu aan de gang in de groep van Prof. dr. van de Meerakker in Nijmegen.  Hoofdstuk 2 van dit proefschrift beschrijft in detail de experimentele tech-nieken die zijn gebruikt voor het uitvoeren van het werk voor dit proefschrift.  In hoofdstuk 3 worden state-to-state differentiële doorsneden voor inelastische verstrooiing van ND3 met He gepresenteerd. De experimentele metingen en kwan-tummechanische verstrooiingsberekeningen van botsingsdoorsneden blijken in zeer goede overeenstemming te zijn. Voor kleine veranderingen in de j en k kwan-tumgetallen voor de rotationele draaiimpuls worden de ND3 moleculen overwe-gend voorwaarts verstrooid bij een gemiddelde botsingsenergie van 430 cm-1, 
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maar de verstrooiing verschuift naar de zijwaartse en achterwaartse richtingen als 
Δ𝑗𝑗𝑗𝑗 en Δ𝑘𝑘𝑘𝑘 stijgen.  Hoofdstuk 4 beschrijft rotationeel niet-elastische verstrooiing van kwantum-toestand geselecteerd ND3 na botsingen met Ar bij gemiddelde botsingsenergieën van 410 en 310 cm-1. De hoekverdelingen van ND3 moleculen bereid in de 11− toe-stand worden na botsing met Ar atomen gedomineerd door voorwaartse verstrooi-ing voor alle gemeten finale toestanden van rotationele en umbrella inversiesym-metrie. Deze uitkomst staat in schril contrast met onze eerdere studies van ND3 verstrooid door He, waarvoor de hoekverdelingen breder zijn en, voor hogere 𝑗𝑗𝑗𝑗′, worden gedomineerd door zijwaartse en achterwaartse verstrooiing.   In hoofdstuk 5 worden differentiële doorsneden voor rotationeel niet-elastische verstrooiing van ND3 door H2 gepresenteerd, gemeten in een gekruiste moleculaire bundelmachine met velocity map imaging. Volledig opgeloste state-to-state differentiële botsingsdoorsneden voor inelastische verstrooiing van ND3 (𝑋𝑋𝑋𝑋�, 
ν = 0, 𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘± = 11−) door H2 bij een botsingsenergie van 580 cm-1 werden vergeleken met doorsneden verkregen door kwantummechanische verstrooiingsberekenin-gen uitgevoerd met een eerder gerapporteerde ab initio potentiaaloppervlak.  Hoofdstukken 6 en 7 beschrijven een rotationele analyse van het (2 + 1) REM-PI-spectrum van de 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′Rydberg-toestand van isotopologen van ammoniak, res-pectievelijk NHD2 en NH2D. Dit zal helpen om rotatiepopulaties in de grondtoe-stand van ammoniak volledig te onderzoeken met behulp van (2 + 1) REMPI. Het is noodzakelijk om twee verschillende (ν = even en oneven) 𝜈𝜈𝜈𝜈2 umbrella mode toe-standen van de bovenste elektronische toestand te meten voor een complete vast-stelling van de finale kwantumtoestanden.  Hoofdstuk 8 beschrijft (1+1′) VUV REMPI van relatief hoge vibrationele toestanden van NHD2 (𝜈𝜈𝜈𝜈2′=6, 7) en NH2D (𝜈𝜈𝜈𝜈2′=5, 6) via de 𝐵𝐵𝐵𝐵�1𝐸𝐸𝐸𝐸′′ Rydbergtoestand. Deze REMPI-spectra zijn gemeten in het golflengtebereik van 150-154 nm. Deze studie van (1+1′) REMPI-spectroscopie zal ons een basis verschaffen voor de stu-die van rotationele energieoverdracht in NH2D en NHD2 met behulp van velocity map imaging.   
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